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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 witro
protein interaction assays. In the scope of this thesis, we adapt and apply different
methodologies to study the molecular processes underlying grapevine (Vitis winifera)
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 razlicnim okoljskim stresorjem. Okuzbe s povzrocitelji
bolezni lahko prizadenejo gospodarsko pomembne pridelke in vplivajo na svetovno
proizvodnjo hrane. Za preprecevanje razvoja in sirjenja bolezni moramo pridobiti podrobno
znanje o njeni patogenezi ter o mehanizmih, na katerih temelji imunski odziv rastlin.
Interakcije med rastlinami in patogeni se vec¢inoma odvijajo na molekularnem nivoju in
vkljucujejo vrsto molekularnih procesov ter interakcij med bioloskimi molekulami, ki so
edinstvene vsakemu patosistemu. Raziskovanje teh zapletenih mehanizmov vkljucuje
uporabo razli¢nih pristopov funkcionalne analize, od visoko zmogljivih analiz sekvenciranja
do testov interakcije proteinov in wvitro. V okviru te doktorske naloge smo prilagodili in
uporabili razlicne metodologije za preucevanje molekularnih procesov okuzbe vinske trte s
fitoplazmo ter mehanizmov imunskega odziva krompirja na okuzbo z virusom krompirja Y
(PVY).

Pri preucevanju patosistema vinska trta-fitoplazme smo najprej optimizirali protokol
izolacije RNA za ucinkovito izolacijo skupne RNA, vkljucujo¢ male RNA, iz vzorcev vinske
trte, okuzene s fitoplazmo 'Candidatus Phytoplasma solani'. Nas optimizirani postopek je
omogodil izolacijo ¢iste RNA visoke integritete in koncentracije, ki smo jo uporabili za
pripravo knjiznic in sekvenciranje z visoko zmogljivostjo. V nadaljevanju smo za iskanje
rastlinskih proteinskih tar¢ domnevnega efektorja fitoplazme 'Candidatus Phytoplasma
solani' uporabili test »pull down« v kombinaciji z masno spektrometrijo in nato interakcije
med efektorjem in identificiranimi tarcami potrdili s ko-imunoprecipitacijo in planta.
Rezultati te studije podajajo pomembne funkcionalne informacije o slabo poznanih
mehanizmih patogenosti fitoplazem, posredovanih z efektorji.

Da bi izboljsali nase razumevanje imunskega odziva krompirja na okuzbo 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. Nase analize proteinskih zaporedij
krompirjevih TGA (StTGA) in silico so pokazale prisotnost skrajsanih proteinov, ki smo
jih poimenovali mini-TGA. Ker proteini mini-TGA v navadnem repnjakovcu niso poznani,
smo izvedli razlicne funkcionalne analize, da bi okarakterizirali krompirjev mini-TGA
StTGA2.1. Rezultati te studije so pokazali, da lahko StTGA2.1 kompenzira pomanjkanje
salicilne kisline pri imunskem odzivu krompirja na PVY in se povezuje z drugimi proteini
StTGA, polne dolzine, za modulacijo transkripcije. Pokazali smo, da je StTGA2.1 vkljuc¢en
v uravnavanje izrazanja genov peroksidaz razreda III, in uporabili napredno ra¢unalnisko
modeliranje za vpogled v strukturne vidike delovanja proteinov mini-TGA.

Rezultati, predstavljeni v tej disertaciji, prikazujejo uporabo metodologij funkcionalne
analize v rastlinah in prinasajo nova spoznanja o mehanizmih interakcij med rastlinami in
patogeni pri dveh gospodarsko pomembnih rastlinskih vrstah, vinski trti in krompirju.
Novo pridobljeno znanje izboljSuje nase razumevanje molekularne biologije rastlinskih
bolezni, kar je kljuCnega pomena za razvoj ucinkovitih strategij za zascito poljscin.
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Chapter 1

Introduction

1.1 Plant Diseases

Plant diseases impact the product quality and production yield of economically important
plant species worldwide. About 20-30% 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 leathoppers, 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 host’s metabolism, particularly carbohydrate
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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 “flavescence dorée”,
associated with subgroups 16SrV-C and 16SrV-D (Martini, Murari, Mori, & Bertaccini,
1999), and “bois noir”, 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 “bois noir” due to the “flavescence dorée” 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 “bois noir” in
grapevine, the stolbur disease in tomato (Pracros, Renaudin, Eveillard, Mouras, &
Hernould, 2006), potato (Mitrovié¢ et al., 2016), and other wild or cultivated plants, maize
redness (Jovié 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 (“EPPO Global Database,”
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 “bois noir” 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 “bois noir”, 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 host’s
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, Lépez-Moya, & Garcia, 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/

1.2. Plant Immune Response 3

using cell-to-cell and long-distance movement, ultimately causing a systemic infection (Calil
& Fontes, 2017; Kriznik, 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 insect’s
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 insect’s 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 (Kezar 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-I 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, plants’ 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 PTT 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 sSRNAs 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; Kriznik et
al., 2020). For example, RNA interference is an important defense mechanism against viral
infections, with the viral genome as its target (Kriznik et al., 2020). It also provides an
additional level of regulation of host immune signaling (Kriznik et al., 2017). Some sRNAs
can even cross the boundaries between hosts and pathogens, silencing genes in interacting
organisms, a mechanism referred to as ‘‘cross-kingdom RNA interference” (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
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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 “omics” 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 Crop 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 BRANCHEDI,
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 Factors 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 Candidate’s Contributions

Our first publication (Differential Response of Grapevine to Infection with 'Candidatus
Phytoplasma solani' in Farly 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 “RNA Extraction and Sequencing” 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 — 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 Ezpression 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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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 RN A Transcriptomes

Marina Dermastia, Blaz Skrlj, Rebeka Strah, Barbara Anzi¢, Spela Tomaz, Maja Kriznik,
Christina Schonhuber, Monika Riedle-Bauer, Ziva Ramsak, Marko Petek, Ales Kladnik,
Nada Lavra¢, Kristina Gruden, Thomas Roitsch, Ginter Brader and Marusa 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 “RNA Extraction and Sequencing” methods section.
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Abstract: Bois neir is the most widespread phytoplasma grapevine disease in Burope. It is assoclated
with ‘Candidatus Phytoplasma sclani’, but molecular interactions between the causal pathogen and
its host plant are not well understood. In this work, we combined the analysis of high-throughput
RNA-Seq and sRNA-Seq data with interaction network analysis for finding new cross-talks among
pathways involved in infection of grapevine cv. Zweigelt with ‘Caz. . solani” in carly and late
growing seasons. While the early growing season was very dynamic at the transcriptional level in
asymptomatic grapevines, the regulation at the level of small RN As was more pronounced later in
the season when symptoms developed in infected grapevines, Most differentially expressed small
RNAs were associated with biotic stress. Our study also exposes the less-studied role of hormones
in disease development and shows that hormonal balance was already perturbed before symptoms
development in infected grapevines. Analysis at the level of communities of genes and mRNA-
microRNA interaction networks revealed several new genes (e.g., expansins and cryptdin) that have
not been associated with phytoplasma pathogenicity previously. These novel actors may present a
new reference framework for rescarch and diagnostics of phytoplasma discases of grapevine.

Keywords: ‘Candidatus Phytoplasma solani’; grapevine; bois noir; RNA-Seq; sSRNA-Seq; miRNA;
phasiRNA; harmones; interaction network

1. Introduction

Bois noir is the most widespread phytoplasma disease of grapevines (Vitis vinifera L.)
in Europe and can lead regionally to losses of up to 50% [1]. Its causal agent is ‘Candidatus
Phytoplasma solani” from the stolbur group 165rXI-A [2]. The interactions between
grapevine and ‘Ca. F. solani’ have been extensively studied and are reviewed elsewhere [3].

Int. J. Mol. 5ci. 2021, 22, 5531. https:/ /doi.org /10.3390/1jms22073531
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Several developmental processes and metabolic pathways in the host plant are affected
by infection as revealed at the transcriptional, protein, and metabolic levels [4-8]. In
infected grapevines, several steps in photosynthesis are repressed during infection. There
is growing evidence that feedback inhibition of photosynthesis results in leaf yellowing
(i.e., chlorosis) because of carbohydrate accumulation in the source leaves [9-14]. As
was proposed early in phytoplasma research, this accumulation is a consequence of the
manipulation of the host metabolism by the phytoplasmas, which can turn infected plant
tissues into a carbohydrate sink that provides phytoplasmas with hexoses [8,15,16]. Several
studies have analyzed the expression of genes involved in carbohydrate metabolism and
their enzyme products and sugar metabolites upon infection of grapevines with ‘Ca. P.
solani” [8,16-20]. As a sign of stress conditions, grapevines infected with ‘Ca. P. solani’
accumulate several amino acids, including serine, glycine, valine, leucine, alanine, (-
alanine, threonine, aspartate, pyroglutamate, and proline [17]. In addition, infection with
‘Ca. P. solani’ changes the flavonoid pathways in grapevine [21-26]. Although evidence
points to important roles of the plant hormones in the signaling networks involved in
grapevine responses to ‘Ca. P. solani’, the underlying molecular mechanisms of these
interactions remain poorly understood [27].

While the main plant processes in which phytoplasmas are involved are now rec-
ognized, information is scarce in terms of fine-tuning the expression of the regulators
involved, such as transcription factors and small RNAs (sRNAs). The combination of these
factors defines the genetic regulatory circuits of transcriptional control [28,29]. sRNAs
are involved in multiple cellular processes, and they modulate the expression of other
regulators, including transcription factors [28,30]. In plants, two types of sSRNAs regulate
posttranscriptional gene expression, microRNAs (miRNAs) and phased small-interfering
RNAs (phasiRNAs), although their targets are not well defined. However, several con-
served and species-specific miRNAs have been identified in grapevines [31]. It has also
been shown that miRNAs have an important role in host plant responses to phytoplasma
infections. They have been identified in phytoplasma-infected Mexican lime [32], Ziziphus
jujuba [33], mulberry [34], and paulownia [35], together with their putative targets, which
are genes involved in plant morphology, signaling, nutrient homeostasis, environmental
stress responses, and hormonal metabolism and regulation. In addition, several miRNAs
that respond to phytoplasma infection have been identified in grapevines infected with
Flavescence dorée phytoplasmas [36] and with ‘Ca. P. asteris” [37].

New high-throughput technologies such as whole transcriptome sequencing allow
simultaneous analysis of multiple gene expression snapshots of the same organism or of its
tissues. These can be used for more accurate analysis of time-dependent phenomena, such
as phytoplasma pathogenesis. In the present study, we addressed the temporal dynamics
of the responses of grapevine cv. Zweigelt (Rotburger) to infection with ‘Ca. P, solani” under
natural vineyard conditions in leaf-vein-enriched samples and analyzed gene expression
by RNA-Seq and sRNA profiles by sSRNA-Seq.

As molecules in the cell seldom work completely independently, several interaction
network-based approaches have been adopted as tools of choice to study their intercon-
nectivity [38]. In a study parallel to the present one, we developed methods that can
operate with such information-rich structures and applied these to modeling the bois
noir disease [3%]. The network inference we described offers an exploration of temporal
network dynamics at the level of communities that can be revealed from RNA-Seq data.
This method was developed on grapevine cv. Zweigelt infected with ‘Ca. P. solani” late in
the growing season. In the present study, we aimed to apply this method to grapevines
sampled early in the growing season prior to symptom development, which has not been
investigated in detail to date, and to perform a comparative analysis with the results of
the late growing season. In addition, to reveal hierarchical interactions and co-regulation
among different RNA classes involved in these grapevine infections, data-driven bioin-
formatics approaches were used to analyze the genome-wide data obtained over two
consecutive growing seasons. We have identified complex regulatory networks that pro-
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vide us with a reference framework for detailed studies of the regulation of the main
processes in grapevines infected with ‘Ca. P. solani’.

2. Results and Discussion
2.1. mRNAs and sRNAs Show Differentinl Temporal Invelvement in Grapevine Infected with

‘Ca. P. solani”

High-throughput RN A-Seq (Table 51) and sRNA-Seq (Table S2) were performed on
leaf-vein-enriched samples collected in the early and late growing seasons in 2017; for
mRNAs, this was repeated again early in the season of 2020. For the 2017 experiment, the
grapevines were chosen based on check’mg for phytoplasma infection the previous year, as
presumably uninfected and infected with ‘Ca. P. solani’. The presumed infected grapevines
were asymptomatic at the time of the first sampling in the early growing season. However,
they developed symptoms over the growing season, and the phytoplasma infection with
a nettle type (CPsM4_Atl [40]) was confirmed at the time of the second sampling in the
late growing season. The same grapevines were sampled again in the early growing
season of 2020. In 2020, the grapevines did not develop symptoms over the summer, and
phytoplasmas were not detected in samples from these grapevines later in the growing
season, which suggested that these grapevines had already recovered from their previous
infection or were in the recovery process [41]. Moreover, the RNA-Seq analysis of samples
from these grapevines revealed that there was not even a single differentially expressed
gene defined between the recovered and uninfected grapevines (Table 51), which indicated
that the recovery appeared to have occurred previously, in 2018 or 2019 [20]. Of note, these
samples were collected in a production vineyard where the vines are pruned extensively
each year, which is a practice that can have positive effects on grapevine recovery from
bois noir disease [42].

Analysis of the RNA-Seq data produced an average of 82,335,298 reads per sample that
were aligned to the grapevine reference genome. Qut of the 42,413 annotated genes, 24,279
were removed by filtering out those with raw counts over 50 in less than four samples
(i.e., genes that were not expressed under any of the conditions). From the remaining
18,134 genes, 15,319 genes (correspond to 84% of the 18,134 expressed genes, and 36% of
the 42,413 annotated genes) were significantly differentially expressed in at least one of the
comparisons (Table S1).

sRNA-Seq revealed 178 miRNAs (Table 52) and 261 phasiRNAs (Table 53) with raw
counts over 50 in at least four samples. Of these, 238 (54%) were significantly differen-
tially expressed. Eighteen of the miRNAs were novel (18 novel MIR loci) and might be
involved in novel miRNA-mRNA interactions. Using our pipelines, the novel miRNAs
were grouped into 17 novel miRNA families, with two of the loci grouped into the same
family, miR14 (Table S4). The prevailing number of differentially expressed sRNAs in
the infected grapevines (i.e., 125 sRNAs) in comparison with the number of differentially
expressed sRNAs in uninfected plants (i.e., 54 sRINAs) suggests an important role for
sRNAs in grapevine responses to infection with ‘Ca. P. solani’.

Venn diagrams reveal some interesting comparisons (Figure 1). Gene expression ob-
tained by RNA-Seq was initially compared between the infected and uninfected grapevine
samples (Figure 1a). A total of 6942 and 6288 genes were significantly differentially ex-
pressed in infected grapevines compared to uninfected grapevines in the early and late
growing seasons, respectively. Together with the same average absolute logy value of
fold-change in both cases (i.e., 0.70), these data indicate that the grapevine transcriptional
response to infection with *Ca. P. solani” in the early season is similar to that of the late
growing season. For the differentially expressed genes, 35% (3438 genes) were expressed
differentially in both growing seasons, while the remaining 6354 genes were expressed
differentially, as either in the early (3504 genes) or the late (2850 genes) growing season.
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Figure 1. Venn diagrams showing the significantly differentially expressed genes (a) and sRNA (b) frem the 2017 experiment.
E, early growing season; L, late growing season; U, uninfected; I, infected with *Ca. P. solani’.

In the next step, gene expression was compated between grapevine samples from the
late and early growing seasons (Figure 1a). In total, 10,941 and 10,998 genes were signifi-
cantly differentially expressed in the late growing season compated to the early growing
season in the uninfected and infected grapevine samples, respectively. Together with the
same average absolute logy value of fold-change in both cases (i.e., 1.03}, these data suggest
that the infection itself did not affect the number of differentially expressed genes during
the growing seasons. Moreover, 60% (8187) of the genes were expressed differentially in the
uninfected and infected grapevines, while the other 40% (5565) of the genes were expressed
differentially either in uninfected (2754 genes) or infected (2811 genes) grapevines.

In contrast with the gene expression revealed, the Venn diagram of sSRNAs shows a
different picture (Figure 1b). In infected grapevines compared to uninfected grapevines,
66 and 136 sSRNAs were differentially expressed in the early or late growing season, respec-
tively. Thirty-nine sRNAs (19%) were expressed differentially in both growing seasons,
while the other 163 sRNAs (81%) were expressed differentially either in the early (27 sSRNAs)
or the late (97 sRNAs) growing season.

Most phytoplasma studies have been focused on the symptomatic phases of patho-
genesis, and the consequent conclusions for the more metabolically dynamic late growing
season phase are based on the associated results [3,43]. In this regard, the results of the
present study are striking, as they show that the asymptomatic early phase of the annual de-
velopment of bois noir disease is very active at the grapevine transcriptional level, whereas
its regulation at the level of sSRNAs is more proncunced later on.

Analyzed miRNA and phasiRNA targets have confirmed the growing evidence that
any single miRNA might regulate many genes, as well as that any single gene might be
targeted by a number of miRNAs (Figure 2; Table S2). An interesting observation was that
57% and 53% of the miRNAs detected were down-regulated in grapevines infected with
‘Ca. P solani’ in the early and late growing seasons, respectively (Figure 2). The significance
of this finding is not known at the moment. However, in animals, a global down-regulation
of miRNA expression is often the rule in cancers [44]. While 80% of the same miRNAs
were similarly differentially expressed cither carly or late in the growing scason, 20% of
all miRNAs changed their mode of up-regulation or down-regulation through the year
(Figure 2). Among these, there are the most prominent isomiRs with sequences that varied
with respect to the reference sequences of vri-miR166 and vvi-mik3623 that regulate genes
that encode proteins involved in disease resistance [45].
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Figure 2. All of the differentially expressed miRNAs in grapevines infected with ‘Ca. P, solani” in comparison with
uninfected grapevine during the growing seasons. Exposed are 1somiRs of miRNAs, which regulate genes coding for
proteins involved in disease resistance with changing mode of up- or down-regulation during the vear. T, up-regulated; |,
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2.2. Gene Set Enrichment Analysis Confirms High Transcriptional Activity in the Early
Growing Season

Gene set enrichment analysis is a computational method that determines whether
an a priori defined set of genes shows statistically significant concordant differences be-
tween two biological states. Here it was used to identify any relationships between the
expression and function of the differentially expressed genes in these grapevines infected
with “Ca. P. solani’ (Figure 3). This gene set enrichment analysis showed a very strong
response of grapevine to infection with “Ca. F. solani” early in the growing season, before
symptoms develop. Eight functional bins [46] were differentially up-regulated only in the
early growing season, specifically as: major CHO metabolism.degradation; glycolysis; fer-
mentation; TCA /organic transformation; mitochondrial electron transport/ATP synthesis;
DNA synthesis/chromatin structure; signaling receptor kinases, and cell vesicle transport.
Twelve bins were enriched early and late in the growing season, and six bins only late in
the growing season (Figure 3).

The largest enriched bins (in terms of percentages of genes) were associated with pro-
tein amino acid activation, synthesis of ribosomal proteins, synthesis initiation, elongation,
targeting, degradation, folding, glycosylation, and assembly and cofactor ligation. Early in
the growing season, the majority of the genes in these bins were up-regulated. Late in the
growing season, the majority of the genes in these bins were down-regulated.

The bins related to RNA and transcription factors (i.e., ARE, bHLH, C2C2(Zn) constans-
like zinc finger families) were down-regulated for both growing seasons. On the other
hand, several genes in the bins associated with the cell wall and secondary metabolism
were up-regulated throughout growing seasons.

2.3. Genes and miRNAs Not Associated with Phytoplasma Diseases Contribute to Resolving the
Sanitary Status of Grapevines

Based on their mRNA profiles, uninfected and infected grapevine samples were clearly
separated according to the sanitary status, as well as by the time of sampling (Figure 4a).
In addition to the genes that encode a thaumatin protein from pathogenesis-related protein
from class 5 and pathogenesis-related protein from class 10 (which have been associated
with phytoplasma pathogenesis [3,27]), the other main genes with seasonal variations in
these grapevine samples were ones that still have unclear roles during grapevine infection
with ‘Ca. T. solani’; namely, genes that encode metallothionein, cysteine proteinasel,
cellulose synthase-like G3, chloroplast B-amylase, and a gene related to cold, circadian
rhythm, and RNA binding2 (Table 1).

The genes that best separated the grapevine samples according to their sanitary status
encode metallothionein, which is different from the contributor to the seasonal origin, and
the same genes that contribute to separation by season and encode chloroplast 3-amylase
(i.e., Vitpi02g00605) and a protein from the ubiquitin-protein family. Additional contributors
that separated the infected and uninfected grapevines are involved in photosynthesis, as
the main known process to be down-regulated in phytoplasma-infected grapevines; i.e.,
the gene that encodes ribulose bisphosphate carboxylase (small chain) family protein, and
two genes that encode rubisco activase.
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infection with ‘Ca. P. solani’.

Table 1. The 10 genes with the most important contributions to separation of the grapevine samples according to the early

and late growing seasons (Early /Late), and the same for their sanitary status {Uninfected /Infected), for the grapevines

during infection with ‘Ca. I’ solani’. E, early; L, late; U, uninfected; I, infected.

Gene ID Description Log: FC
E-1: E-U L-1:L-U L-U:E-U L-1:E-1

Early/Late
Vitoi(R2g(1406 Thaumatin family 6.62 3.27 5.52 218
Vitwidog(11696 Metallothionein 1.86 2.88 1.14 216
Vitoi18gl)0674() Granulin repeat cysteine protease family protein 0.93 1.19 1.72 1.98
Vitoi19g00434 Ubiquitin family protein 0.93 0.31 2.10 1.48
Vitoitag1756 Pathogenesis-related protein 10 1.50 0.27 191 0.13
Vitwi2g00605 Chloroplast p-amylase 0.56 0.40 571 4.75
Vitviog01697 Metallothionein 0.55 1.02 —0.43 0.05
Vitwi(2501341 Cellulose synthase-like G3 0.73 113 434 4.75
Vitwi03g0n327 Cold circadian rhythm and RNA binding 2 001 0.28 181 207
Vitoi7g01690 Cysteine proteinasel 1.04 0.96 2.05 1.98
Uninfected/Infected
Vitoi19g01871 Metallothionein 3 1.68 0.47 0.26 1.48
Vitvi2g00605 Chloroplast p-amylase 0.56 0.40 571 4.75
Vitoi(8g(i1245 Rubisco activase -1.14 —1.80 2.25 1.59
Vitoitt1 g0714 Galactinol synthase 4 0.55 0.07 0.87 1.49
Vitwil9¢00549 CDP-L-galactose phosphorylase vitamin C defective 5 -1.13 —1.51 0.54 0.16
Vitvi17g00038 CLPC homolog 1 0.24 1.05 2.01 1.19
Vitwi(5g00563 Early light-induced protein 1, chloroplastic-related 0.24 —0.73 2.00 1.03
Vitoi17g00320 Ribl}]use. 1715P1105p11ate carboxylase (small chain) 114 17 _028 _081

family pretein
Vitoil9g00434 Ubiquitin family protein 093 031 210 148
Vitoilleg()i513 Rubisco activase —1.48 —1.84 —0.35 —0.71

It is worth noting that the Arabidopsis ortholog of chloroplast f-amylase gene
Vitvi02g00605, BAM3 (Atdg17090) encodes one of the six plastidic f-amylases in Ara-
bidopsis, which is transcriptionally induced by cold stress and is dominantly active in
mesophyll cells during the night. This might explain the contribution of a gene related to
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the circadian rhythm to the separation by seasonal origin. The importance of 3-amylase to
multidimensional scaling might at least partially explain the synthesis and accumulation of
starch during phytoplasma infections [9,14,19]. Although one of the prominent symptoms
of phytoplasma infections is an accumulation of starch in leaves [9,11,12], the source of this
starch is not clear. ADP-glucose-pyrophosphorylase (AGPase) is a rate-limiting enzyme
in starch biosynthesis [47]. Hitherto, transcript analysis of the gene that encodes its large
regulatory subunit in grapevine cv. Chardonnay when infected with ‘Ca. . solani’ revealed
its transcriptional up-regulation [20], but no significant difference on AGPase enzyme
activity [19]. Our RNA-Seq of grapevine cv. Zweigelt here showed several genes that
encode AGPase, with differential expression in the uninfected and infected grapevines
for both growing seasons (Table 51). However, non-significant differences were found in
total AGPase enzyme activity (data not shown) in agreement with our previous study [19].
On the other hand, a transcript that encodes chloroplastic 3-amylase was up-regulated
in infected grapevines in the early growing season and less so in the late growing season
(Table 1). This is in agreement with a study on phytoplasma-infected symptomatic mul-
berry leaves in which the transcript levels of the 3-amylase gene were lower compared to
uninfected leaves together with a significant reduction in the corresponding B-amylase
enzyme activity [12]. These results suggested that the accumulation of starch in the infected
leaves results from reduced starch degradation and not from its de-novo synthesis [12].
However, data for f-amylase in mulberry leaves are in agreement with the reduced gene
expression and enzyme activity of x-amylase [12]. This was not the case in grapevines
of cv. Chardonnay infected with ‘Ca. P. solani’, where the infection resulted in increased
expression of an a-amylase gene [8]. In grapevine cv. Zweigelt (this study), infection with
this pathogen was associated with down-regulation of Vitvi03g00500 and Vitvi01g00932,
which are genes that encode a-amylase-like and x-amylase protein, respectively. An ad-
ditional two genes that encode a-amylase-like proteins, Vitvi03¢01571 and Vitvil8g00144,
were up-regulated. Whether these data and the previous data on amylases in infected
plants are species-related or related to ecological factors is currently not known.

miRNA expression data were also plotted with multidimensional scaling, which
clearly revealed the sanitary status of the grapevine samples as well as their early or late
growing season (Figure 4b). Interestingly, among sRNAs that differentiated the grapevine
samples by sanitary status, there were mikINAs (vvi-miR482 4, voi-miR166d.2, vvi-miR482,
and vvi-miR156g.1) that regulated the expression of genes involved in biotic stress, several
disease resistance proteins, a heat shock protein, and -galactosidase (Table 2; Tables 52
and S5). Four sRNAs (z0i-miR166¢-h, voi-miR3623.5, voi-miR3623-5p, and vvi-miR3624-3p)
contributed significantly to both sanitary status and season differentiation. These mainly
regulate the expression of genes involved in RNA regulation of transcription, protein
degradation, and metal transport (Table 2; Tables 52 and S5). The contributors to sanitary
status separation also included vvi-miR162, voi-miR162.3, vvi-miR159¢, vvi-miR159¢.1, and
20i-miR3623.4, which regulate the expression of genes involved in nucleotide metabolism,
RNA processing and degradation, RNA regulation of transcription, posttranslational
protein medification, and protein degradation (Table 2; Tables 52 and S5).
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Table 2. The 10 miRNAs with the most important contributions to separation of the grapevine
samples according to the early and late growing seasons (Early/Late), and the same for their health
status (Uninfected /Infected), for the grapevines during infection with ‘Ca. . solani’. E, early; L, late;
U, uninfected; [, infected.

miRNA ID Logz FC

E-l:E-U L-1:L-U L-U:E-U L-I: E-I
Early/Late
vvi-miR1660-h —1.24 -1.18 0.37 043
voi-miR162 —1.05 —0.77 —0.05 0.24
vvi-miR3623.5 0.05 233 0.65 292
voi-miR3624-3p 0.94 0.83 1.08 0.96
voi-miR3623.4 —0.20 —0.67 0.83 035
poi-miR159%¢ —0.34 —0.06 —0.26 0.02
ovi-miR162.3 —0.84 —0.50 —0.01 0.33
voi-miR3623-5p 0.50 247 0.530 247
voi-miR159¢.1 —0.36 —0.07 —-0.16 012
vvi-miR3634.3 —1.09 —1.84 —0.14 —0.89
Uninfected/Infected
voi-miR3624-3p 0.94 083 1.08 096
ovi-miR3623.5 0.05 233 0.65 292
voi-miR3623-5p 0.50 247 Q.50 247
voi-miR166c-h —1.24 —1.18 0.37 0.43
voi-miR1568.1 —0.42 —0.18 1.74 1.97
vvi-miR482 —0.05 133 —0.05 1.34
v0i-miR398b,c —0.54 —0.43 1.68 179
voi-miR166d.2 —0.63 —1.67 2.08 1.04
voi-miR482.4 0.98 031 1.00 032
ovi-miR168.5 1.05 0.58 1.01 0.55

2.4. The Most Differentially Expressed Genes and sRNAs Are Associated with Different Aspects of
Biotic Stress Signaling

Analysis of the mRNA-Seq and sRNA-Seq data from grapevine cv. Zweigelt during
infection with ‘Ca. P. solani” using the MapMan tool [46] revealed several novel patterns of
gene expression related to the bins that were putatively related to biotic stress. These in-
cluded: cell wall; hormones; proteclysis; NBS-LRR receptors; pathogenesis-related proteins;
signaling, including sugar and nutrient physiology, receptor kinases, calcium signaling,
G-proteins, MAP kinases, and light; transcription factors; and secondary metabolites.

In the bins that included the pathogenesis-related proteins and secondary metabolites,
the analysis of the corresponding gene expression in pre-symptomatic but infected plants
revealed several genes that were highly up-regulated compared to uninfected grapevines,
although their expression decreased late in the growing season (Table S1). Among these,
there were genes that encode for pathogenesis-related proteins from class 1 and 5, chitinases,
and Vitvil6g01336, which encodes 2-oxoglutarate (20G) and Fe(Il)-dependent oxygenase
superfamily protein downy mildew resistance 6 (OMR#) ([43,48]. DMR& has an essential
role in the mediation of salicylic acid homeostasis during plant development, leaf senes-
cence, and pathogen responses and acts as a susceptibility S gene in a class of suppressors
of plant immunity [27].

In agreement with the reported roles of sSRNAs in stresses, the greatest number of
predicted targets of differentially expressed miRNAs and phasiRNAs corresponded to the
bins associated with the biotic stress signaling (Figures 5 and 6). In this group of sSRNAs,
65% of the miRNAs were down-regulated in comparison with the up-regulated miRNAs
in both of the growing seasons.
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Figure 5. Differential expression of miRNAs associated with biotic stress in the grapevines mfected with ‘Ca. P. solant’
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Figure 6. Differential expression of the phasiRINAs associated with biotic stress in the grapevines infected with ‘Ca. I. solani’
compared to uninfected grapevines over the growing seasons. T, up-regulated; |, down-regulated.

24.1. Important Involvement of Genes Associated with the Cell Wall in Bois
Noir Pathogenesis

The cell wall bin is putatively associated with biotic stress and comprised 262 dif-
ferentially expressed genes. Carly in the growing season, the second most up-regulated
gene with an almost 8-fold increase was Vitoi02g00653, which encodes expansin-like Bl
(Table $1) and is involved in cell wall processes [46]. On the other hand, a gene with the 1D
VitviG9g00767 that encodes expansin B2 was down-regulated (Table 51) and targeted by
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v0i-miR166d.2 (Table S5). This miRNA was among those, which differentiated the samples
by their sanitary status (Table 2). In the same cell wall bin was also the most down-regulated
gene of all detected differentially expressed genes with a 9-fold decrease. This was the gene
with the ID Vit2i13g00172, which encodes expansin A8 and was expressed in the late grow-
ing season (Table S1). Although the functional roles of the expansin-like A and B family
members remain unclear, a recent study of the expansin-like Bl ortholog in Brassica rapa [49]
suggested their involvement in stress. In addition, the second most down-regulated gene
(logs FC = —6.42) in the early growing season was from the same bin and encodes cellulose
synthase-like G3 (Vitzi02¢00165) (Table S1).

2.4.2. Hormonal Balance Is Disturbed Already in Pre-Symptomatic Phase of
Phytoplasma Infection

Infection of grapevine cv. Zweigelt with “Ca. P. solani’ confirmed the importance of
hormonal regulation in phytoplasma diseases [27].

Salicylic acid studies have revealed that several salicylate biosynthetic, signaling,
or marker genes are up-regulated in leaf-vein-enriched samples and whole leaves of
grapevines infected with phytoplasma ‘Ca. P. solani” [27]. Infection with this phyto-
plasma for grapevine cv. Zweigelt here showed high induction of three transcripts of
several genes that encode for S-adenosyl-L-methionine: salicylic acid carboxyl methyl-
transferase, which catalyzes the formation of the volatile ester methyl salicylate from
salicylic acid (Vitvi04g02117, Vitvi04g02118, Vitvi04g02122); these showed a peak in the
early growing season (Table S1). In agreement with the results from a study of grapevine
cv. Chardonnay infected with “Ca. . solani” [50], the relative expression of non-expressor
of pathogenesis-related protein 1 (NPR1), the receptor for salicylic acid, did not differ
across the infected grapevines of this cv. Zweigelt (Table 51). Among the-several genes that
encode pathogenesis-related proteins, PR-1, PR-2, and PR-5 are induced by salicylic acid
and are commonly used as molecular markers for the salicylic-acid-dependent systemic
acquired resistance signaling; they have also been shown to be induced after phytoplasma
infection [27]. Out of 14 genes that encode PR-1, the transcription of 12 was induced here
in grapevines cv. Zweigelt infected with ‘Ca. F. solani’ (Table S1). The same up-regulation
pattern was shown for 19 genes that encode PR-5 and also for one gene that encodes
PR-2 (Table 81). The DMR6 gene [27] was also highly induced in the infected grapevine
cv. Zweigelt. Similarly, as shown in grapevines infected with Flavescence dorée phyto-
plasma [14], DMR6 expression was higher for the early growing season compared to the
late season (Table S1).

Several genes that encode the major enzymes involved in jasmonate biosynthesis
and modification were differentially expressed (Table S1). Their involvement in phyto-
plasma infections has been shown for grapevines infected with ‘Ca. P solani” before,
although their role in pathogenicity is not clear yet [27]. In general, genes that encode
lipoxygenases are up-regulated upon infection with ‘Ca. I. solani’, and they are sup-
pressed upon infection with Flavescence dorée phytoplasma [43]. Lipoxygenase genes
have also been shown as down-regulated in Arabidopsis infected with "Ca. . asteri’ strain
witches” broom as a result of secreted effector proteinll (SAP11aywp), which destabi-
lizes transcription factor promoting the expression of these genes [51]. A homolog of
SAP11aywe has also been found in the genome of ‘Ca. P. solani” strain SA-1 originally
infecting grapevine [52]. However, our RN A-Seq here revealed three genes that encode
lipoxygenases (Vitvi14g00234, Vitoil4g02539, and Vitvi06g00149) that were either unaffected
or were down-regulated. On the other hand, the transcripts of the genes Vitwi06g00155 and
Vitri06g00158 increased from the beginning to the end of the growing seasons, with the
same shown for genes that encode the PLAT /LH2 domain of plant lipoxygenase-related
proteins (Vitvi01g01562, Vitvi05g00472, Vitvi09g00096, Vitvid1g01562, and Vitvi05g00472).
Similar to a previous study [50], the allene oxide synthase gene (Vitvi03g00395) was up-
regulated at both sampling times, although a transcript of Vitvil8§g00886 was up-regulated
only later in the growing season. In contradiction with the previous reports [50], gene
expression of jasmonic acid carboxyl methyltransferases (Vitvil8g02762, Vitvi18g02763, and
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Vitvil8¢02761) was suppressed in infected grapevines. The opposite grapevine response
when infected with ‘Ca. P. solani” or Flavescence dorée phytoplasma was additionally
supported by induction of gene expression of several 12-oxophytodienocate reductase genes
(Vitwil8g02485, Vitri18g02138, Vitvil8¢02139, Vitvi18g03161, and Viti18g03162) early in the
growing season in grapevine cv. Zweigelt infected with ‘Ca. T solani’. Gene expression of
jasmonic acid ZIM (zinc-finger inflorescence meristem) domain-containing protein, which
was shown to be down-regulated upon infection with Flavescence dorée phytoplasma,
in grapevine cv. Zweigelt depended here on the specific gene: while Vitvi09¢00064 and
Vitvi01g02293 were up-regulated in both growing seasons, Vitvi)1g00473 and Vitvil 7300189
were down-regulated, and Vitvi10g01879 was down-regulated in the early growing season
and up-regulated in the late season. The PR3 /4 marker genes for jasmonic acid metabolism
were up-regulated only in grapevines that recovered from the infection of grapevine cv.
Chardonnay with ‘Ca. I solani’ [50]. On the other hand, in grapevine cv. Zweigelt,
four of the genes that encode PR3/4 (Vitvi04g01049, Vitvi05¢00094, Vitvi05g01366, and
Vitvi05g01575) were not affected, while the transcripts of Vitvi05g02250, Vitvil5¢01035, and
Vitvi15¢01037 (which also encode PR3/4) increased, especially during the early growing sea-
son. The transcript levels of a third jasmonic acid metabolism marker PR6 (Vitvi02¢01273,
Vitvi05g01910, Vitvil8g00852, Vitvil8g03048, Vitvi09g00071, Vitvil1g00061, Viteil17g01613,
and Vitvil7g01121) were higher later in the growing season compared to the early sea-
son. The families of jasmonic acid metabolism genes revealed here included at least one
gene for which expression has been shown previously, which indicates the importance of
high-throughput analysis for interpretation of the not always straightforward functions in
infected plants.

The role of auxins in phytoplasma infections has already been documented [27],
and the present data supported this, with differential expression of more than 200 auxin-
associated genes (Table S1). Small auxin-up RNAs (SAURs) comprise a large multigene
family that is involved in primary auxin responses in plants. These influence nearly all
aspects of plant growth and development through the regulation of cell division, expan-
sion, differentiation, and patterning. However, the functions of the SAUR proteins have
remained elusive, presumably due to extensive genetic redundancy [53]. The present analy-
sis revealed four down-regulated SAUR genes (Vitoi02900507, Vitvi03g01350, Vitvi04g02073,
and Vitvi09¢00046). This is in agreement with a study of a single virulence factor, tengu-su
inducer (TENGU), that is associated with the phytoplasma-infected plant phenotype [54,55].
Among the genes that directly influence the homeostasis of auxins, there is the auxin-
responsive GH3 gene family. The related Vitei03g00586, Vitvi03g00586, and Vitvi07g01644
genes were up-regulated in the infected grapevines of cv. Zweigelt. To date, their role in
phytoplasma infections has not been evaluated.

Fifty-nine of the genes revealed as associated with ethylene metabolism were affected
by infection of grapevine cv. Zweigelt (Table S1). Among these, four were up-regulated
for a more than 3-fold difference in the early growing season: Vit2i07¢02070, which en-
codes ERF098; Vitvi08g 01502, which encodes a transmembrane protein; and Vitvi09g00834
and Vitoi09900837, which encode two integrase-type DNA-binding superfamily proteins.
Vitvil8¢01502 was also induced later in the growing season, together with Vitvi04g00533,
which is alsc an integrase-type DNA-binding superfamily protein. On the other hand,
two genes from the ethylene signaling bin were down-regulated later in the growing sea-
son, with a logs FC greater than 3: Vitvi05g01924, which encodes a 2-oxoglutarate (20G)
and Fe(Il}-dependent oxygenase superfamily protein; and Vitvi04¢01895, which encodes
a PPPDE  (permuted papain fold peptidases of DsRNA viruses and eukaryotes) thiol
peptidase family protein. The significance of the expression of these genes for phytoplasma
pathogenicity has not been explored.

Although less studied, plant hormones such as abscisic acid, gibberellic acid, cy-
tokinins, brassinosteroids, and peptide hormones have important roles in plant defense
against invading organisms through their fine-tuning of the plant responses to
phytoplasmas [27].
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In the early growing season, more than 3-fold increases were seen for gibberellin
3-oxidase 1 (Vitvi04g00435) and a proline-rich protein (Vitvi14g01819). In the later growing
season, an overall decrease in gibberellin oxidase gene expression was seen (Vitvil0g00020,
Viti19900432, Vitvi15g00782, Vitvi09300448, and Vitvil 7g00601).

Although 45 genes associated with abscisic acid metabolism were affected by “Ca. P.
solani” infection (Table S1), their differential expression did not exceed four-fold change,
with the exceptions of the genes Vitvi03g01727 and Vitvil2¢00015, which encode HVA22
protein; these were shown to be involved in abiotic stress in Citrus spp. [56].

For brassinosteroids, high down-regulation in the late growing season was observed
for two members, both of which are invelved in sterol synthesis (Vitpi19g00007 and
Viti01g00319).

We also detected changes in both miRNAs and phasiRNAs associated with predicted
targets in hormone metabolism (Figures 5 and 6). Early in the growing season, one sRNA
associated with genes related to jasmonic acid was up-regulated (pvi-phasiRNA33126),
while vvi-phasiRNA33126 was down-regulated. On the other hand, vvi-phasiRNA25935
and vvi-phasiRNA28764, which are associated with auxins, and voi-novel-miR6-5p, which
is associated with abscisic acid, were down-regulated. Early in the growing season, there
were no differentially expressed sRNAs associated with brassinosteroids or ethylene, While
71% of detected sRNAs that targeted genes in the bin of auxins were down-regulated late
in the growing season (vvi-phasiRNA25935, vvi-phasiRNA28755, voi-phasiRNAG258, and vwi-
phasiRNA22871), two miRNAs were up-regulated (vvi-miR2950.1 and voi-miR2950.2). Later
in the growing season, there was down-regulation of vvi-miR3624.5 and vvi-phasiRNA31318,
which are associated with brassinosteroids and ethylene, respectively. In addition, two
miRNAs that are associated with jasmonic acid were up-regulated (vzi-miR3632-3p and
voi-miR3632.1), while vvi-phasiRNA14040 was down-regulated.

2.5. Known Pathways with the Involvement of Novel Genes

As photosynthesis and secondary metabolism are tightly intertwined with symptom
development in the later growing season [3,43], they have been most studied in plants
infected with phytoplasmas. However, their role in pre-symptomatic plants has been less
considered. Of note, phasiRNAs were up-regulated in the bins associated with photo-
synthesis (Table $3), namely vvi-phasiRNA2814 in PS.lightreaction.photosystemILPSII
pelypeptide subunits in the early and late growing season, as well as vvi-pahsiRNA12216
in PS.calvincycle.rubiscointeracting later in the growing season. These findings appear to
be related to significant decreases in gene transcripts from the same bins.

Glycolysis and oxidative stress processes were also affected in grapevine cv. Zweigelt
infected with phytoplasmas, with up-regulation of several aldolase genes that accelerate
the reversible conversion of fructose-1,6-bisphosphate to dihydroxyacetone-phosphate and
glyceraldehyde-3-phosphate (Vitvil 9¢01724, Vitvi01g00360, and Vitvi08g01506) (Table 1),
and this correlated with detection of the activity increase of their encoded enzymes
(Figure 7). The transcript of Vitvil3g00241 that encodes dehydroascorbate reductase
showed a small increase in the late growing season in response to infection (Table S1),
but its enzymatic activity was significantly higher for both the early and late sampling
times (Figure 7), indicating a possible posttranslational regulation. Lastly here, the ex-
pression of seven ascorbate peroxidase genes (Vitvi04g02166, Vitvi06g00358, Vitvil8¢00256,
Vitvi08g01143, Vitvi03g00137, Vitvi04g00484, and Vitvil8g00445) (Table S1) were differen-
tially regulated in response to infection, likely contributing to a statistically insignificant
difference in total ascorbate peroxidase activity in grapevine cv. Zweigelt (Figure 7). A
role for ascorbate peroxidase in grapevine phytoplasma infections has been shown before,
including in grapevines recovered of disease [57-61].

Previous studies have shown that phytoplasma infections affect carbohydrate
metabolism [14,19,43]. Expression profiling analysis of the infected samples in the present
study revealed several genes that encode starch synthase (Table S1). Three of these
(Vitvi10902394, Vitwil0g00094, and Vitvi14g01968) were down-regulated early in the grow-
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ing season with small increases in the transcript levels later; two others (Vitoi10g00739
and Vitvil1g00903) were down-regulated at both sampling times. As we have shown
previously [14,19], sucrose synthase gene expression was higher in infected grapevines
(Vitoi04g00831, Vitvi07g00353, Vitvil1g00030, and Vitvil7¢01221), which indicated the im-
portant role of this enzyme in phytoplasma pathogenicity.
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Figure 7. Enzyme activities of (a) aldolase, (b) dehydroascorbate, and (c) ascorbate peroxidase for the grapevine cv. Zweigelt.
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#, p <0.05; #*%, p < 0.001 (one-way ANOVA with Tukey’s post-tests).

In agreement with the symptom development of phytoplasma-infected grapevines,
the secondary metabolism changes are also pronounced. Previously observed changes
in flavonoid synthesis genes [3,43] were also noticeable here for grapevine cv. Zweigelt.
However, comparisons of the responses in the early and late growing seasons showed
higher up-regulation in the early growing seascon for anthocyanins, chalcones, and dihy-
droflavonols, while isoprenoids were more commonly up-regulated in the late growing
season (Table 1).

Abnormal lignification of canes is a prominent symptom of bois noir disease [62],
and accordingly, several genes related to lignin biosynthesis are affected in these infected
grapevines. Among these, there was up-regulation of phenylalanine ammonia-lyase in
infected plants, which has also been shown in grapevine cv. Chardonnay infected with
the same phytoplasma [26]. Our analysis additionally revealed several down-regulated
laccase genes in the late growing season (Vitvil8g01438, Vitvil8g02906, Vitvi04g01984,
Vitvin8g01335, Vitvi08g01223, and Vitrid8g01031). The biological functions of a diverse
superfamily of multicopper oxidases and laccases include the lignification responsible for
maintenance of the cell wall structure and of mechanical rigidity [63].

2.6. Temporal Network Modeling Reveals New Cross-Talk between Pathways Invelved in
Grapevines Infected with ‘Ca. P. solani’

A drawback of most transcriptomic studies on phytoplasma-infected grapevines
growing in their natural environment is that sampling occurs only at one time point in the
growing season, which is most often when disease symptoms are most pronounced [3].
Only a few studies have been conducted in the early and late growing seasons, which
have resulted in a short list of genes and their protein products; some of these have been
explored in more detail [14,26,50]. Using a novel integrated analysis of transcriptomic data
known as network enrichment methodology, which is based directly on RNA-Seq data [39],
we explored the grouping of genes in communities that: (i) formed at the same times (i.e.,
early or late in the growing season) in the same groups of grapevines (i.e., uninfected and
infected with “Ca. F. solani”); and (ii) showed significant disintegration (i.e., separation
with a significant dissipation index) between the two growing seasons and between each
group of grapevines (Figure 8, Table S6). By analyzing community behavior with time,
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we discovered several new genes that are involved in phytoplasma pathogenesis and are
connected in yet unexplored networks.
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Figure 8. Schematic presentation of the communities with bins [46] that disintegrate between groups of uninfected (U) and
grapevines infected (I) with "Ca. P. solani’ in the early (E) and late {L) growing season.

2.6.1. Disintegrated Communities in Infected Grapevines

In the early growing season, in the group of uninfected grapevines, we detected
four communities of genes that disintegrated with a high dissipation index in infected
grapevines (ligure 8, Table S7). The first community consisted of genes functionally
classified as -1,3-glucan-hydrolases and H2A histone core proteins, which are involved in
DNA synthesis. The latter included up-regulated plasmodesmata callose-binding protein
3 (Vitvi01g00051) in the infected grapevines in agreement with previous studies where
callose was shown to be involved in phytoplasma pathogenicity [8,64,65].

The second community consisted of genes functionally classified as malic acid trans-
formation enzymes, which included two induced genes in infected grapevines, the MATE
(multidrug and toxic compound extrusion) efflux family protein (Vitvi12¢00101), and the
calcium-binding EF-hand family protein (Vitvil4¢00470). Multidrug and toxic compound
extrusion transporters are one of the largest secondary active transporter families in plants.
These are involved in a wide variety of physiological functions throughout plant develop-
ment for the transport of a broad range of substrates such as organic acids, plant hormones,
and secondary metabolites [66,67]. They have been shown to be linked to disease resis-
tance associated with salicylic acid [68], as well as to abscisic acid sensitivity and drought
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tolerance [69]. Activation of salicylic acid metabolism in phytoplasma-infected grapevines
in the early growing season has already been documented [14,50]. On the other hand, the
calcium-binding EF-hand proteins have roles in the resistance mechanisms to various biotic

and abiotic stresses [70,71].

Functional classification of the genes that comprise the third community consisted of
arginine degradation, molybdenum involvement in vitamin metabolism, and rhodanese.
Here, a molybdenum cofactor sulfurase (Vitvi01g00087) was significantly increased upon
infection (Figure 9, Table S1). This enzyme is required for the enzymatic activity of the Mo
enzymes (e.g., aldehyde oxidase) that are essential for the biosynthesis of the bicactive
compounds abscisic acid and allantoin [72,73]. In Arabidopsis, this enzyme contributes
to anthocyanin accumulation and oxidative stress tolerance in abscisic acid-dependent
and -independent ways [74]. These processes have also been shown to be associated with
phytoplasma infections previously [27,43,75].
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solani’, late growing season.



28

Int, J. Mol. Sci, 2021, 22, 3531

Chapter 2. Scientific Publications

18 of 28

The last community contained some genes that encode jasmonic acid lipoxygenases,
which were discussed above in Section 2.4.2. (Table S1).

2.6.2. Early Growing Season Communities with a High Dissipation Index in
Uninfected Grapevines

It is nevertheless worth comparing the communities that formed early in the growing
season in infected grapevines, which disintegrated in uninfected grapevines with a very
high dissipation index. With the applied methodology, we detected four such communities
(Figure 8, Table S7). A high dissipation index of 0.62 was seen for a community that
involved the genes from bins photosynthesis.photorespiration.serine hydroxymethyltransferase
and protein.postranslational modification.kinase.receptor-like cyteplasmatic kinase II. Although
photosynthesis is among the most studied processes during phytoplasma infection, in
general, the genes revealed in this community have never before been described as re-
sponsive to phytoplasma infection. A possible reason for this oversight might be their low
fold-changes between the uninfected and infected grapevines.

In the second community, there were two bins: secondary metabelisn.phenylpropanoids.
lignin biosynthesis. CCR1 and transport.major intrinsic proteins NIP. It is becoming increasingly
evident that secondary metabolism is greatly affected during bois noir disease, which has
been shown at the transcriptional, proteome, and metabolome levels [3]. A gene from this
community (Vitwileg01762) encodes a UDP-glycosyltransferase superfamily protein and its
transcript increased in infected grapevines compared to uninfected grapevines (Table S6).
It is known that glycosylation with UDP-glycosyltransferases is a major regulator of
phenylpropanoid availability and biological activity in plants [76], and this protein family
indicates stress-responsive regulation in Arabidopsis and Brassica species [77]. Although
reports of cytokinin involvement in phytoplasma—plant interactions are scarce and mainly
indirect, some symptoms of phytoplasma-infected plants hint at cytokinin participation
(e.g., witches” broom, leaf yellowing, and fasciations) [27]. Thus, the observed induced
transcript of CycD3 might be related to plants with phytoplasma infection phenotypes.

In the community with a dissipation index of 0.66 that was composed of the bins cell
wall.cell wall proteins. RGP, redox.heme, and protein.synthesis.ribosomal protein.unknown.unknown,
there was prominent differential expression of Viti14902435, a gene that encodes a germin-
like protein 10. This protein has been induced in soybean by methyl jasmonate, ethylene,
and salicylic acid [7#], which are all involved in defense responses and in phytoplasma
infections [27]. In addition, overexpression of germin-like protein 10 in transgenic tobacco
significantly enhanced tolerance to Sclerotiorum infection [78].

2.6.3. Early versus Late Growing Season Communities in Infected Grapevines

A comparison of communities that disintegrated from the early growing season
toward the late growing season, and vice versa, showed eight communities with a high
dissipation index in the former and only two in the latter group (Figure 8, Table 57).
However, communities in the first group included genes with a wide array of functional
classifications. This finding suggests a large transcriptional dynamic prior to symptom
development, which previously used methods failed to capture.

2.64. Exploring mRNA-mRNA-miRNA Interaction Networks

We extended the idea of analyzing mRNA-mRNA expression similarity networks to
also include miRNA molecules for each time and grapevine state point, which resulted
in four individual networks. During community detection, the majority of the miRNA
molecules were pruned due to low correlation values, which resulted from large expres-
sion differences between mRNA and miRNA. To remedy this situation, a novel type of
connection between miRNA and mRNA molecules was introduced, based on the shortest
path searches.

Following this approach, the complex network of connections both in uninfected and
infected grapevines early in the growing season were defined (Figure 9). In particular, we
detected only a few connections late in the growing season in uninfected grapevines, and
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even fewer in the infected grapevines, such as the gene with the ID Vitwil15g00674 that
encodes SPX (SYG1/TPho81/XPR1) domain protein 3, which has been shown to have a role
in signaling and homeostasis of cellular phosphate [79]. In addition, the transcript of this
gene was induced in transgenic plants that expressed the effector SAP11 aywg [80]. It was
shown in that study that SPX domain protein 3 is suppressed when SAP11 aywp is expressed
under a phosphate starvation responsel (phrl) mutant background, which suggested that
PHR1 is required for SAP11 aywp-triggered cellular phosphate starvation responses. Of
note, PHRT encodes the MYB (myeloblastosis) transcription factor that has a key role in
responding to cellular phosphate deficiency in Arabidopsis [81]. However, the transcript
of SPX domain protein 3 was down-regulated upon ‘Ca. . solani’ infection of grapevine cv.
Zweigelt, although the transcripts of PHRT (Vitei14g00736 and Vitei07g00666) were slightly
increased. As has been shown before, there is no universal response to phytoplasma
infections [3,27,43].

In infected grapevines later in the growing season, several miRNAs were connected to
only one gene, namely Vitvi09g01554 (Figure 9, Table 51). This gene has not been assigned to
any bins and is annotated as PTHR36328:5F1, a cryptdin protein-like protein, Its mammal
ortholog is an «-defensin known as cryptdin, which is a major microbicidal constituent of
Paneth cell granules in mouse intestinal epithelial cells. Cryptdin is actively involved in
innate enteric immunity and maintains intestinal homeostasis through the control of the
intestinal microbiota [82-84]. Although its role in phytoplasma pathogenicity is entirely
unknown, it might be a suitable candidate for exploring its presumed similar role in plant
defense response against phytoplasmas.

3. Conclusions

This is the first comprehensive high-throughput RNA-Seq and sRNA-Seq study of
grapevine infected with ‘Ca. P solani’ for two consecutive growing seasons, and it has
resulted in several striking findings. We show a very dynamic transcriptional activity in
infected grapevines in the early growing season (i.e., prior to symptom development).
Grapevine plants reacted to the infection with two distinct sets of genes that responded
at each growing phase. This reprogramming was not visible for the sSRNA levels during
the early time point of infection. However, the number of differentially expressed sRINA
significantly increased with the annual development of bois noir disease, the majority
of which were associated with biotic stress processes. This study has also revealed the
importance of less-studied aspects of hormonal involvement in phytoplasma pathogenicity.
The interaction network methodology introduced here enabled us to explore the temporal
interaction network dynamics, and hence to discover new mRNAs and sRNAs, which
might be crucial for an understanding of bois noir development over the growing seasons
and might open new routes for research into phytoplasma diseases.

4, Materials and Methods
4.1. Plant Material

Four phytoplasma-infected grapevines (Vitis vinifera) cv. Zweigelt (syn. Rotburger,)
and their four healthy neighbors from a vineyard in Klosterneuburg (Austria) were selected
for the study, according to the development of their symptoms in the previous season
(2016). The grapevines were planted in 2006, and the rootstock is Kober 5 BB. The first fully
developed leaves were sampled from several canes of each vine in June and September
2017 and then in June 2020. The leaf veins were cut out of the leaves sampled, flash-frozen
in liquid nitrogen, ground to a fine powder, and stored at —80 °C. In 2017, all four of the
selected phytoplasma-infected grapevines showed severe symptoms in September, while
three of these four phytoplasma-infected grapevines recovered in 2020.

4.2. Detection of Phytoplasma

In September 2017, all four phytoplasma-infected grapevines showed typical symp-
toms of infection, including reddening and curling of leaves and no or incomplete fruit
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development. The presence of ‘Ca. . solani” was confirmed by PCR with SecY, Stamp, tuf,
and mp1 specific primers as described previously (Aryan et al., 2014). Based on these
four markers, the previously described nettle type CPsM4_Atl was detected for all four
of the infected grapevines. For the four control grapevines, none of the markers provided
any PCR signal. All of the grapevines were free of symptoms of powdery and downy
mildew. ESCA symptoms had not been recorded for any of the tested grapevines since
2006. The same grapevines were additionally sampled in 2020 and were again tested
for the phytoplasmas in the late growing season by PCR and by visual characterization.
However, the presence of phytoplasmas could not be detected in three out of the four
infected grapevines, which clearly showed remission of bois noir disease.

4.3. RNA Extraction and Sequencing

Total RN As, including small RNAs, were extracted from vein-enriched leaf samples
from each plant separately, using an optimized cetyltrimethylammonium bromide (CTAB)
method (adapted from [85]) combined with RNA purification on columns (Zymo-Spin;
Direct-zol RNA MiniFrep Plus kits, Zymo Research, Irvine, CA, USA). About 50 mg frozen
and powdered tissue was further homogenized with steel beads for 10 min at maximum
speed in 800 uL. CTAB buffer (100 mM Tris-HCI, pH = 8, 2 M NaCl, 25 mM EDTA, 2.0%
(w/w) CTAB, 2.5% (w/v) PVP40, 2.0% (v/2) B-mercaptoethanol) using TissueLyser (Qiagen,
Hilden, Germany). After the addition of an equal volume of chloroform-isoamyl alcohol
(24:1), the sample was vortexed and centrifuged for 10 min at 10,000 g at 4 °C. The upper
aqueous phase was recovered, to which 1.5 volume of pure ethanol was added. After a
30 min precipitation at 4 °C, the mixture was transferred into the columns (Zymo-Spin,
Direct-zol RNA MiniPrep Plus kits, Zymo Research). The RNA was purified according to
the manufacturer’s instructions, with an additional washing step and a second prewashing
step added to the beginning of the purification process. To elute the RNA, 30 pL preheated
(80 °C) DNase/RNase-free water was added to the column and incubated for 10 min at
room temperature. This was followed by 1 min centrifugation at 14,000 % g. The isclated
RNA was subjected to DNase digestion (DNase I Set; Zymo Research) and cleaned up
using RNA Clean & Concentrator kits (Zymo Research). RNA concentration, integrity,
and purity were assessed using a Bioanalyser (2100) and RNA 6000 Nano kits (Agilent
Technologies, Santa Clara, CA, USA). Library preparations for the mRNAs and sRNAs,
sequencing services (HiSeq 4000, llumina, San Diego, CA, USA), and preprocessing to
remove the adapter sequences and low-quality reads were provided by Novogene (Hong
Kong). The raw data (in fastq format) have been deposited with the European Nucleotide
Archive (ENA) under project accession number PRJEB42777.

4.4. mRNA Data Analysis

The 150 bp paired-end reads obtained were trimmed to remove low-quality bases
(Phred < 20), clipped to remove the remaining adapter sequences, and mapped to the 12X.2
version of the PIN40024 grapevine reference genome (https:/ /urgi.versailles.inra.fr/files/
Vini/Vitis%2012X.2%20annotations/, 29 February 2021), using CLC Genomics Workbench
12.0 (Qiagen), with the following parameters: mismatch cost, 2; insertion or deletion cost,
3; length fraction, 1.0; similarity fraction, 0.95; and maximum number of hits for a read, 1.
The reads were annotated using the VCost.v2 annotation.

The differential expression analysis was performed in R v3.4.2 [86], using the limma
package v3.34.9 [87]. mRNA counts with a baseline expression level of >50 reads mapped
in at least 4 samples were TMM-normalized in edgeR v3.20.9 [88] and transformed using
voom [89]. To identify differentially expressed mRNAs, the empirical Bayes approach was
used, with Benjamini and Hochberg’s (FDR) p-value adjustment. Genes with adjusted
p-values <0.05 were considered statistically significantly differentially expressed.



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

Int, J. Mol. Sci, 2021, 22, 3531

21 of 28

4.5. sSRNA Data Analysis

sRINA reads were filtered to exclude reads shorter than 18 nt and longer than 26 nt,
as well as reads that were matching to rRNAs, tRNAs, snRNAs, and snoRNAs in the
RNACentral database (https:/ /rnacentral.org, 29 February 2021) [90], and using a CLC
Genomics Workbench v8 (Qiagen). To identify known grapevine miRNAs, the remaining
preprocessed sRNA reads were compared to the grapevine miRNAs registered in the
miRBase database, release 22 (http://www.mirbase.org, 29 February 2021) [91], which did
not allow mismatches. To identify novel unannotated miRNAs and their loci of origin (i.e.,
MIR loci), the reads were submitted to the two plant miRNA prediction tools ShortStack
and miR-PREFeR [92,93]. Predictions were performed using the default parameters, ex-
cept that no mismatches were allowed during mapping on reference 12X.2 version of the
PN40024 grapevine reference genome (https://urgi.versailles.inra.fr/files /Vini/Vitis%
2012X.2%20annotations /, 29 February 2021). MiRNAs were considered novel miRNAs
only if they had >5 raw reads in at least two sRNA libraries and the miRNA sequence,
and the corresponding miRNA* and MIR locus should have been predicted with both
miRNA prediction tools. Reads that mapped to more than 30 locations in the grapevine
genome were also discarded as being too repetitive to be miRNAs. As the miRNA pre-
diction tools output also contained predictions of already annotated grapevine MIR loci,
annotated grapevine miRNA precursors (pre-miRNA) from miRBase (v22) were mapped to
the reference grapevine genome using bowtie2 [94]. Next, genome locations were extracted
and compared with the predicted MIR loci using our internally developed script. If no
overlap was detected, the predicted MIR loci were regarded as novel MIR loci. Novel
grapevine miRNAs were further classified into known or novel miRNA families by cluster-
ing their predicted pre-miRNA sequences with sequences of known plant pre-miRNAs
from miRBase using CD-HIT-EST, with an identity threshold of 0.8 [95]. The sequences
with similarities with annotated pre-miRNAs were grouped into the corresponding known
miRNA families, and sequences that did not show similarities with known plant miRNAs
were classified as novel miRNA families.

Additionally, sequence miRNA variants (isomiRs) of known and novel miRNAs
were identified using isomiRID [96]. Only sRNAs that matched perfectly to known or
novel pre-miRNA sequences were considered (i.e., templated isomiRs). Prediction of
PHA S (phasiRNA-producing) loci was performed using unitas [97]. The PHA S loci
were detected by mapping preprocessed sRNA reads to the grapevine transcriptome
sequences (Vitis 12X.2 annotations; https:/ /urgi.versailles.inra.fr/ files/Vini/ Vitis%2012X.
2%20annotations /, 29 February 2021) at 21-nt and 24-nt intervals and default settings.

The preprocessed reads from sRNA-Seq samples were mapped (with no mismatches
allowed) to all known grapevine miRNAs, novel miRNAs, and isomiRs and counted using
our internally developed script. Raw counts were exported and deposited with the Eu-
ropean Nucleotide Archive under the project accession number PRJEB42777. Differential
expression analysis was performed in R v3.2.2 [86] using the limma package v3.34.9 [87].
sRNA counts with a baseline expression level of >50 reads mapped in at least four sam-
ples were TMM-normalized in edgeR v3.20.9 [88] and transformed using voom [89]. To
identify differentially expressed mRNAs, the empirical Bayes approach was used with the
Benjamini and Hochberg (FDR) p-value adjustment. Genes with adjusted p-values <0.05
were considered statistically significantly differentially expressed.

4.6. sSRNA Target Prediction

In-silico identification of grapevine transcripts targeted by sRNAs was carried out
using the psRNATarget [98] and grapevine transcriptome sequences (Vitis 12X.2 annota-
tions; https:/ /urgi.versailles.inra.fr/files / Vini/ Vitis%2012X.2%20annotations /, 29 Febru-
ary 2021), with the maximum expectation parameter set to 3 (Expectation}, and otherwise
using the default parameters.
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4.7. Differential Expression Analysis and Visualization of mRNA and sSRNA Expression

Samples were visualized for the level of their similarity using multidimensional
scaling, as calculated from normalized mRNA and sRNA expression values separately.
Principal component analysis in R v3.4.2 [$6] was used to extract the genes that contributed
most to the first two leading dimensions (LD1, LD2). To compare seasonal effects of
infections, gene set enrichment analysis [99] was performed on normalized expression
values using a grapevine MapMan mapping file [100]. The collapse/remap to gene symbols
option was enabled (No_collapse), permutation was set to gene sets, and otherwise, the
default settings were used. Functional categories with a false discovery rate corrected
q < 0.05 were considered significant.

4.8. Network Community Analyses

The similarity between mRNA expression data was calculated as the reciprocal value
of similarities between the mRNA expression data were calculated as the reciprocal value
of the Euclidean distance for a given pair of expression vectors for each individual time, as
the grapevine state points. The application of automated thresholding on these similarity
networks allowed easier exploration of the space of possible networks. Scale-free networks
(2> o> 3; « being the exponent of the fitted power-law function) were used for commu-
nity detection with Infomap [101]. To generate mRNA-miRNA networks, connections
were added by using shortest path searches of maximum length 3 [102]. Networks were
visualized using Cytoscape [103].

4.9. Targeted Grapevine Gene Expression Analysis by gPCR

Differential expression of four genes was confirmed with gPCR (Table S7): for DMRé
(Vitvil6g01336), OLP (Vitoi02g01404), SAMT (Vitvi04g02122), and LOX (Vitvi06g00158), with
UBI_CF as the reference (Vitvi19¢00744). These genes were chosen based on our previous
results that showed their involvement in bois noir pathogenesis [8,20]. The complete list of
primers and probes used is given in Table 57 (MIQE). Reverse transcription was performed
with the High-Capacity RNA-to-cDNA kits (Applied Biosystems, Foster City, CA, USA).
FastStart Universal Probe Master (Roche, Penzberg, Germany) was used for qPCR. The
following thermal cycle conditions were applied: 95 °C for 10 min, 40 cycles of 95 °C for
15 s, and 60 °C for 1 min for PCR, and a climb in increments of 0.05 °C from 60 °C to 95 °C
for the high-resolution melting curve. The Cq values were used for the relative calculation
of initial target numbers from a serial dilution curve using quantGenius [104].

4.10. Enzymatic Activities

Extraction of enzymes from the grapevine material was performed as previously
described by Jammer et al. (2015) [105] and adjusted according to Anzi¢ (2019) [106].
The grapevine material was ground in liquid nitrogen using a mortar and pestle. About
0.5 g of material was collected into 2 mL microcentrifuge tubes (Eppendorf, Germany).
Then 1 mL extraction buffer was added (0.5 M MOPS, 5 mM MgCl,, 0.5 mg/mL BSA,
0.05% Triton X-100, 25 uM dithiothreitol, 1 mM benzamidine, 3% PEG-4000, 0.1 mM
phenylmethylsulphonyl fluoride, 1% pelyvinylpyrrolidone). The samples were then mixed
on a rotary shaker for 40 min at 4 °C, and then they were centrifuged at 20,000 g for
10 min at 4 °C. The supernatant contained the cytoplasmic fraction of the enzymes, and
it was dialyzed overnight against 20 mM KPOy buffer, pH 7.4. After dialysis, the protein-
extract aliquots were pipetted into 96-well plates and stored at —20 °C. All of the enzymatic
activity assays were performed in UV-transmissive, flat-bottomed, 96-well plates (UV-Star
Greiner BioOne; Kremsmiinster, Austria). Protein extract volumes from 1 pL to 20 uL
were used for the reactions. The total reaction volume was 160 plL. Reaction mixes were
incubated in a plate reader {Ascent Multiskan; Thermo Fisher Scientific, Waltham, MA,
USA) for 40 min at 25 °C or 30 °C, according to the optimized protocol for each enzyme.
All of the assays were carried out in triplicate, and for the control assays, the substrate was
not added to the reaction mixes. Changes in absorbance per second were used to calculate
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the activities of the enzymes, as nkat/g fresh weight (FW). These enzymatic activity
assays were performed according to [107]. For measurement of ascorbate peroxidase
activity, the samples were incubated with 0.025 mM ascorbate and 0.5 mM Hy O3 in 50 mM
KoHPOy /KH; POy buffer, pH 7.6. The H;O; was omitted for the control reactions. The
absorbance of HpOy was measured at 290 nm. Glutathione S-transferase activity was
measured in samples incubated with 1 mM 2,4-dinitrochlorobenzene and 1 mM reduced
glutathione in 100 mM KoHPQO4/KHPO4 buffer, pH 7.4. 2,4-Dinitrochlorobenzene was
omitted for the control reactions. Absorbance was measured at 334 nm, with the formation
of (2,4-dinitrophenyl) glutathione. The enzymatic activities were further corrected by
subtracting the non-enzymatic formation of (2,4-dinitrophenyl) glutathione by including
in the 96-well plate a column without any extract added.

Supplementary Materials: Supplementary materials can be found at hittps://www.mdpi.com/
article/10.3390/ijms22073531 /s1. Table S1. High-throughput mRNA-Seq of grapevine cv. Zweigelt
uninfected and infected with ‘Candidatus Phytoplasma solani” as vein-enriched leaf samples. BIN-
CODE and NAME refer to [45]. For each mRNA sequence and sample, the differences in expression
between the uninfected and phytoplasma-infected grapevines were calculated as log; FC. Only
mRNAs with a false discovery rate (FDR) adjusted p-value < 0.05 were considered as differentially
expressed (Red, up-regulated; green, down-regulated). U, uninfected samples; I, samples infected
with “Ca. P solani’; R, recovered; E, early growing season; L, late growing season. Table S2. Known
and novel grapevine miRNAs together with their expression levels in grapevine cv. Zweigelt un-
infected and infected with ‘Candidatus Phytoplasma solani’ as vein-enriched leaf samples. Details
of all of the identified known and novel miRNA sequences are given. C, conserved in plants; G,
grapevine specific; N, novel unannotated. For previously described miRNAs, the identifiers (ID)
of the identical miRNAs in miRBase are also given. For each miRNA sequence and sample, the
differences in expression between uninfected and phytoplasma-infected grapevines were calculated
as logz FC. Only miRNAs with a false discovery rate (FDR) adjusted p-value < 0.05 were considered
as differentially expressed. Red, up-regulated; green, down-regulated; U, uninfected samples; I,
samples infected with ‘Ca. P. solani’; E, early growing season; L, late growing season; NO, no miRNA
homologs in other plant species. Table 3. List of phasiRNAs identified in grapevines, together
with their expression levels in grapevine cv. Zweigelt uninfected and infected with 'Candidatus
Phytoplasma solani” as vein-enriched leaf samples. For each unique phasiRNA identifier (ID), the se-
quence and PHAS-producing locus are given. For each sample, the differences in expression between
phytoplasma-uninfected and -infected grapevines were calculated as log; FC. Only miRNAs with a
false discovery rate (FDR) adjusted p-value <0.05 were considered as differentially expressed. Red,
up-regulated; green, down-regulated; U, uninfected samples; I, samples infected with ‘Ca. P. solani’;
E, early growing season; L, late growing season. Table S4. The novel miRNAs identified in grapevine
cv. Zweigelt uninfected and infected with ‘Candidatus Phytoplasma solani’ as vein-enriched leaf
samples. Table S5. Genes that are regulated by the 10 sSRNAs that contributed the largest amount
of variance explained by the first leading dimensions (LD1) according to the health status of the
samples, and by the 10 sSRNAs that contributed the largest amount of variance explained by the
second leading dimensions (LD2) according to the early or late growing season for the samples in
multidimensional scaling for SRNA expression in grapevine cv. Zweigelt uninfected and infected
with ‘Candidatus Phytoplasma solani” as vein-enriched leaf samples. Table S6. The grouping of genes
in communities that: (i) form at the same times (i.e., early or late growing season) in the same group
of grapevines (i.e., uninfected or infected with ‘Ca. P. solani’); and (ii) show significant disintegration
(i.e., separation with significant dissipation index). U, uninfected grapevines; I, grapevines infected
with ‘Ca. P. solani’; E, early growing season; L, late growing season. Table S7. Primers and probes
used in this grapevine gene expression analysis.
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In our second publication, we used a bioinformatics approach to identify six candidate 'Ca.
P. solani' effector proteins, which we further characterized using functional analysis. Using
enzyme activity assays, we showed different candidate effectors can affect the activity of
several host enzymes involved in different steps of carbohydrate metabolism, as well as
enzymes related to regulation of oxidative stress. We used a proteomics approach to
identify potential plant protein targets of the effector PoSTOSP28 and confirmed its
interaction with two grapevine phosphoglucomutase enzymes (VvPGM). Finally, our
localization studies in tobacco revealed a connection between the effector PoSTOSP28 and
formation of autophagosomes.

The PhD candidate adapted and performed a protein pull-down assay from tobacco
leaves expressing a potential 'Ca. P. solani' effector protein PoOSTOSP28. She prepared the
samples for mass spectrometry analysis, searched for orthologues of identified tobacco
targets in grapevine, and confirmed the interactions between the effector and grapevine
proteins with a co-immunoprecipitation assay. The PhD candidate subsequently wrote the
results and methods section connected to these experiments in the resulting manuscript.
Co-immunoprecipitation assay results not included in the manuscript are included in
Appendix A.
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Abstract

‘Candidatus Phytoplasma solani’ is a member of the ribosomal group 16SrXI11-A of
intracellular plant pathogenic bacteria in the class Mollicutes. It causes phloem-feeding,
insect-borne diseases in grapevine and solanaceous crops with significant economic impact on
yield. By deciphering the ‘Ca. P. solani’ genome derived from the infected grapevine (Vitis
vinifera) cultivar Zweigelt, we discovered up to 20 effector proteins, six of which were
selected for further study. This first analysis of the physiological role of candidate effectors of
‘Ca. P. solani’ in Nicotiana benthamiana leaves after Agrobacterium-mediated transient
transformation with the effector constructs confirms their involvement in reprogramming the
host carbohydrate metabolism to favor its own growth and infection. They were specifically
associated with three different metabolic pathways leading to fructose-6-phosphate as an input
substrate for glycolysis, the upper part of which is encoded in the phytoplasma genome. The
most active effector candidate was PoOSTOSP06, which shares some similarities with a
putative effector from ‘Ca. P. solani’. PoOSTOSP28, previously shown to be an antigenic
membrane protein required for phytoplasma-insect interaction, specifically interacted with
phosphoglucomutase and increased its enzyme activity. PoOSTOSP04, the only candidate
effector that was identical to one previously identified in ‘Ca. P. solani’, was associated with
the induction of the ascorbate-glutathione cycle along with other effector candidates.
Interestingly, POSTOSP06, PoSTOSP013 and PoSTOSP28 were localized in the nucleus. It
was shown here for the first time in phytoplasma-plant interaction that especially PoSTOSP28

induces autophagosomes, and the potential significance of this finding is discussed.
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40  Introduction
41 Phytoplasmas are a diverse genus of plant pathogenic bacteria in the class Mollicutes that
42 cause several economically important insect-transmitted diseases (EPPO Global Database, no
43 date). Since it has not been possible to routinely culture phytoplasmas under in vitro
44 conditions (Contaldo, Bertaccini, Paltrinieri, Windsor & Windsor 2012; Contaldo, Satta,
45 Zambon, Paltrinieri & Bertaccini 2016), our knowledge of their biology and pathogenicity is
46  still very rudimentary. However, with appropriate bioinformatic analyzes and molecular
47  biology approaches, we are gradually deciphering the life of these plant pathogens.
48  Phytoplasmas exclusively inhabit the sieve cells of the phloem and lack many genes involved
49 in metabolic pathways important for free-living cells (Namba 2019). In acquiring nutrients
50  from their plant host, phytoplasmas compete with the hosts for the same nutrient substrates.
51 Under conditions of phytoplasma infection, the metabolic networks of the invading pathogen
52 and its host should be closely linked, and even a minor change in metabolism could
53 significantly affect the outcome of the phytoplasma-host interaction. Therefore, phytoplasmas
54 are thought to need to modulate host plant cell metabolism to provide nutrients, energy, and
55  metabolites for successful replication and infection in plants (Prezelj et a/. 2016a; Dermastia
56  2019; Dermastia, Kube & geruga-Musié 2019).
57  The genomes of phytoplasmas lack the homologs of the TIT type secretion system (Kube,
58  Mitrovic, Duduk, Rabus & Seemiiller 2012) that form hollow tubes through which effectors
59  pass from the bacterial cytosol directly into the cytosol of host cells and is essential for the
60  virulence of most Gram-negative bacterial pathogens (Abramovitch, Anderson & Martin
61  20006). Instead, phytoplasmas have a functional Sec-dependent pathway for the export of
62 proteins across the cytoplasmic membrane to the bacterial periplasm and outer membrane
63  (Green & Mecsas 2016). Phytoplasmas use the Sec-dependent system for the secretion of
64  virulence factors or effectors directly into the cytoplasm of plant host phloem sieve cells (Bai
65 et al 2009; Hoshi et al. 2009; MacLean et al. 2014; Huang et al. 2021). Phytoplasma
66  candidate effector proteins can be identified by finding their cleavable signal peptides, which
67  are associated with a functional Sec-dependent pathway (MacLean et al. 2011). Once inside
68  the host cell, the effectors often target key proteins to hijack the host cellular machinery and
69  remodel the signaling cascade (Tomkins, Kliot, Marée & Hogenhout 2018). Some known
70  phytoplasma effectors target developmental and immunity-related host transcription factors
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(Marrero ef al. 2020). The secreted AY-WB protein (SAP) L1 (SAPI1) is involved in the
development of witches broom symptoms by interacting with the transcription factors
TEOSINTE BRANCHED 1, CYCLOIDEA, and PCF1. The action of TENGU is related to
auxin and jasmonic acid signaling by repressing the expression of auxin response factor 6 and
8 genes, resulting in dwarfism and floral sterility, and the development of leaf-like flowers is
related to the degradation of MADS-box transcription factors by SAP54 (Tomkins ef af.
2018). In addition, SAP05 can hijack the plant ubiquitin receptor RPN 10 independently of
substrate ubiquitination. allowing phytoplasmas to alter plant architecture and reproduction
(Huang et af. 2021). Most of the phytoplasma effectors that have been studied in detail are
derived from ‘Candidatus Phytoplasma asteris’, namely the SAPs from the wilches broom
strain (Bai ef af. 2009) and TENGU from the OY strain (Hoshi ef al. 2009}, Several homologs
of these effectors have been discovered in other phytoplasma genomes (Siewert er af. 2014,

Tueral 2014; Janik er af. 2017; Anabestani ¢f af. 2017; Pechet et af. 2019; Zhou ef af. 2021).

The molecular mechanisms of other putative secreted virulence factors/effectors by which
phytoplasmas manipulate their hosts are not known, thus our understanding of the general
mechanisms of phytoplasma interaction with host plants remains elusive. However, a recent
study suggests that phyloplasmas have a unique infection strategy and that their effectors have

unusual targets (Marrero et af. 2020).

‘Ca. P. solani® from the ribosomal group 16SrXTI-A (Quaglino ef ¢l. 2013) is associated with
the most widespread phytoplasma disease of grapevine (Viris viniféra) in Europe, namely bois
noir (Dermastia, Bertaccini, Constable & Mehle 2017), and with stolbur disease of plants
from the Solanaceae family, including potato (Solanim tuberosum), tomato (Solanum
heopersicum), and tobacco (Nicotiana sp.). The disease in the Solanaceae is already a
growing problem in Serbia (Mitrovi¢ & Duduk 2011; Mitrovi¢ er al. 2016), Romania (Ember,
Acs, Munyaneza, Crosslin & Kolber 2011) and Turkey (CaZlar ez af. 2010), and has been
reported sporadically in Central Europe including Germany (Preiss, Keuck & Albert 2008).
Recently, severe outbreaks have been reported, especially in potatoes in eastern Austria

(Brader e/ of. 2017; Riedle-Bauer ¢ af. 2017).

Studies on the interactions between host grapevines and ‘Ca. P. solani” at the levels of
transcription, regulation, proteins, and metabolism show that infection affects biotic stress

signaling, hormonal balance, photosynthesis, glycolysis, oxidative stress processes and
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102 secondary metabolism (Hren ef al. 2009; Dermastia 2017; Rotter et al. 2018; Dermastia ef al.
103 2019, 2021; Skrlj et al. 2021). Moreover, all these studies indicated that carbohydrate
104  metabolism is severely impaired in infected grapevines, as evidenced by the increased
105 carbohydrate content, changed activity of the corresponding enzymes and/or genes encoding
106  them, and the expression of regulated genes related to carbohydrate synthesis.

107  Recent sequencing and assembly of the ‘Ca. P. solani’ strain SA-1 genome identified 38

108  putative secreted protein/effector genes (Music Seruga et al. 2019). Twenty of these genes are
109 located within phytoplasma potential mobile units. These regions exhibit variations in gene
110 order intermixed with genes of unknown function and a lack of similarity to other

111 phytoplasma genes, suggesting that they are prone to rearrangements and acquisition of new
112 sequences by recombination. Five of the putative effectors were unique to the sequenced

113 strain and two of them resembled proteins secreted from AY-WB (Music Seruga et al. 2019).
114 However, the role of none of the identified putative effectors has been elucidated.

115 Here we report the identification of six potential virulence factors/effectors of the *Ca. P.

116  solani’ strain isolated from the infected grapevine cv. Zweigelt and their possible roles in the
117  pathogenicity of this phytoplasma.
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Material and Methods

Bioinformatic analysis

Ten different genomic DNA scquences from bois noir (BN) phytoplasma (one 7zf a strain, onc
tuf b2 strain and eight 7uf b strains) were aligned and annotated. To visualize protein sequence
similarity, the sequences were aligned using Geneious Alignment in Geneious Prime 2020.1.1

(https://www.gencious.com/). The presence and location of signal peptide cleavage sites were

predicted by SignalP 4.1 (Nielsen 2017) that discriminates signal peptides (rom
transmembrane regions and by LipoP 1.0 (Rahman, Cummings, Harrington & Sutcliffe 2008)
that discriminates between lipoprotein signal peptides, other signal peptides and N-terminal
membrane helices. Although LipoP 1.0 has been trained on sequences from Gram-negative
bacteria only, it also has a good performance on sequences from Gram-positive bacteria
(Rahman et al. 2008) including mollicute proteins (Bai ez al. 2009). Transmembrane helices
in proteins were predicted using TMHMM 2.0 (Krogh, Larsson, von Heijne & Sonnhammer

2001). The expression prolfile of phytoplasma proteins in planta was studied for BN601.
Plasmid constructs

Full length coding sequences of the six putative effector proteins (PoSTOSP04, PoSTOSP06,
PoSTOSP13, PoSTOSP14, PoSTOSPI8 and PoSTOSP28). as well as two grapevine
phosphoglucomutases (Vitvil 6g00891, Vitvi01g00455), were amplified from BN601-infected
grapevine material of cv. Zweigelt using the Phusion® Iligh-Fidelity PCR kit (New England
Biolabs, USA) and the primer pairs listed in Supplemental Table 1. The products of correct size
were selected on an agarose gel and purified using the Wizard® SV Gel and PRC Clean-Up
System kit (Promega, USA). The phosphoglucomutase sequences were first cloned into the
pIET1.2/blunt vector using the CloneJET PCR Cloning Kit (Thermo Scientific, USA). The
amplified sequences were then cloned into pENTR D-TOPO vector using pENTR™
Directional TOPO® Cloning Kit (Invitrogen. USA) (Supplemental Table 1) and SANGER
sequenced (Eurofins Genomics, Germany). The effector sequences were recombined through
IR reaction with the Gateway® T.R Clonase TM TI Enzyme Mix (Invitrogen, USA) into
pH7WGY2 Gateway destination vectors containing the enhanced yellow fluorescent protein
(YFP) (VIB, Belgium). For co-immunoprecipitation assay, the phosphoglucomutase sequences
werce cloned into the pJCV52 Gateway vector (VIB, Belgium) (Karimi, Inzé & Depicker 2002)

containing the hemagglutinin A (HA) tag.
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Besides the vectors containing effector sequences, three additional constructs were used for co-
localization studies, i.e. histone 2B (H2B) fused to monomeric red fluorescent protein 1
(mRFP1) (Lukan er al. 2018) was used for nucleus localization; a construct containing
Arabidopsis thaliana remorin 1.3 (REM.3) fused with mCherry (Marin, Thallmair & Ott 2012)
was used for plasmalemma localization; and a construct with autophagy-related protein

(ATG8CL) fused with mRFP (Dagdas et /. 2016) was used for autophagosome localization.
Agrobacteria-mediated transformation

Transient transformation of three to four week old Nicotiana benthamiana leaves was
performed using Agrobacterium tumefaciens strain GV3101 carrying the constructs described
above. Briefly, the cultures were grown overnight, pelleted, washed with LB medium, and re-
pelleted. Afterwards, they were re-suspended in infiltration solution consisting of 10 mM MES,
10 mM MgClz, and 0.2 mM acetosyringone to Acoo of 0.5. Agrobacteria cultures carrying the
appropriate vector constructs were mixed in equal ratios. An equal volume of agrobacteria
culture carrying the pl19 silencing suppressor was added in all cases. Leaves of N. benthamiana
plants were infiltrated with the agrobacteria mix using a syringe. The plants were kept at 21 +
2 °C in growth chambers, with illumination at 70 uMm=2s"! (Osram L36W/77 lamp), a
photoperiod of 16 h and relative humidity 70%.

Confocal imaging

Expression of fluorescent proteins was followed three and four days after agroinfiltration using
two different laser scanning confocal microscopes. Leica TCS SPS laser scanning confocal
microscope mounted on a Leica DMI 6000 CS inverted microscope (Leica Microsystems) with
a 63x objective with zoom factor 1 was used for localization studies. Sequential scanning was
performed (sequential setting 1: 543 nm laser, emission window 555 — 637 nm, sequential
setting 2: 488 nm and 514 nm lasers, emission windows 529 — 594 nm, 703 — 800 nm and
transmission). Two to five regions of interest per one agroinfiltrated area were scanned
unidirectionally with a zoom factor 1, line average 2 and scan speed 400 Hz. Leica TCS LSI
laser scanning confocal microscope mounted on a Leica Z6 APOA microscope (Leica
Microsystems) with an 20x objective was used for co-localization with ATG8 CL marker. The
488 nm and 532 nm lasers were used for the excitation of the enhanced yellow fluorescent
protein (YFP), enhanced green fluorescent protein (GFP) and mRFP1, respectively. The YFP

emission was measured in the window from 525 to 550 nm, the GFP emission in the window

7

47



48

180
181
182
183
184

185

186
187
188
189
190
191
192
193
194
195
196
197
198

199
200
201
202
203
204
205
206
207
208

Chapter 2. Scientific Publications

from 505 to 525 nm and the mRFP1 in the window from 600 to 620 nm. For localization, three
regions of interest per one agroinfiltrated area were scanned unidirectionally with zoom factor
3, line average 3 and scan speed 600 Hz. The overlay of images obtained in different channels
and maximum projections from Z-stacks were performed using Leica LAS AF Lite software

(Leica Microsystems).
Protein pull-down and co-immunoprecipitation assay

For protein pull-down, the YFP-tagged PoSTOSP28 effector protein was transiently
expressed in N. benthamiana leaves for five days and the fluorescence contirmed with
confocal microscopy (effector sample). Leaves infiltrated with p19 silencing suppressor only
were used as control (control sample). Total proteins were extracted from ~200 mg leaf
material with immunoprecipitation (IP) buffer, containing 25 mM Tris-HCI, pH 7.5, 100 mM
NacCl, 10 mM dithiotreitol, 0.1 mM PMSF, 0.02% NP-40, 10% glycerol and cOmplete™
ULTRA Tablets, Mini, EDTA-free Protease Inhibitor Cocktail (Roche Switzerland). Protein
extraction was followed by 1-2 h incubation with GFP-Trap® Magnetic Agarose beads
(ChromoTek, Germany) at 4 °C. The beads were washed three times with IP buffer without
NP-40 and eluted into the SDS-PAGE loading buffer, containing 100 mM Tris-HCI, pH 6.8,
4% SDS, 0.2% bromophenol blue, 20% glycerol and 200 mM dithiothreitol. The
immunoprecipitated proteins in the effector and control samples were then analyzed by SDS-

PAGE, followed by tryptic digestion.

For co-immunoprecipitation assay, the YFP-tagged PoOSTOSP28 was co-expressed with either
of the HA-tagged phosphoglucomutase proteins in N. benthamiana leaves for four days. As
control, the phosphoglucomutases were co-expressed with GFP, encoded by the pB7WGF2
vector (Karimi e al. 2002), while each of the interactors was also expressed separately. The
fluorescence of YFP-tagged POSTOSP28 or GFP was confirmed with confocal microscopy.
About 500 mg leaf material was used for protein extraction and immunoprecipitation,
performed as described above, with an additional dilution step in IP buffer without NP-40
following protein extraction (extract to buffer ratio 1:2.5). The immunoprecipitated proteins
and protein extracts were analyzed by SDS-PAGE and Western blot, using anti-GFP (diluted
1:3.000, Invitrogen, USA) and anti-HA (diluted 1:1.000, ChromoTek, Germany) antibodies.
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Protein sequencing

Bands of about 1 x 10 mm in size were excised from the PageBlue™ Protein Staining
Solution (Thermo Scientific, USA) stained SDS-PAGE gel, at approximately the same heights
from the effector and control sample lanes. In gel protein reduction, alkylation and tryptic
digestion procedures were performed as described by Olsen et al. (2004). In short, gel bands
were cut into 1 mm? pieces and de-stained. Following protein reduction with dithiothreitol (20
min at 56 °C) and alkylation with iodoacetamide (20 min at room temperature in dark), the
samples were digested with trypsin (Sigma-Aldrich, USA) overnight at 37 °C. Gel protein
digests were extracted with 30% acetonitrile and 1% trifluoroacetic acid. Samples were
desalted with Bond Elut OMIX C18 tips (Agilent, USA) and dried down completely.

Gel protein digests were re-dissolved in 2% acetonitrile and 0.1% formic acid, ultrasonicated
for 15 s, and centrifuged (10.000 x g, 5 min, 4 °C). An uHPLC system (Dionex Ultimate
3000, Thermo Fischer Scientific) with a flow rate of 300 pl/min was used. The column
(Thermo Scientific Easy Spray column) was loaded with the protein digests and peptides were
eluted with a 90-min gradient from 2% to 90% acetonitrile containing 0.1% formic acid. Mass
spectrometry (MS) analysis was carried out using a Thermo Scientific Orbitrap Elite mass
spectrometer (Thermo Scientific) using a data-dependent top 20 method dynamically
choosing the most abundant precursor ions from the survey scan (400-1.800 m/z and a
resolution of 30.000). Default charge state was set to 2-fold charge; unassigned charge states
as well as +1 charge states were rejected. Minimal required signal was set to 1.000, size of
exclusion mass list was set to 500 (with a duration of 60 s), and exclusion mass width was set

to 4 ppm with one repeated count of 30 s.

Analysis of MS data was performed using MaxQuant (1.6.5.0). Raw files were searched
against a FASTA file of the uniprot-proteome 7360 (AUP000084051 4097, N. tabacum,
July2019). Tryptic peptides were allowed a maximum of 2 missed cleavages as well as a
maximum of three modifications per peptide (oxidation M and N-terminal acetylation).
Precursor mass tolerance was set to 4.5 ppm (FTMS) and 0.6 Da (ITMS). To eliminate
matching by chance, data was searched against a database of revert sequences in a target-
decoy approach. Only high confidence peptides (FDR < 0.01%), as well as proteins with at
least two distinct identified peptides, passed the criteria for identification. The MS proteomics

data have been deposited to the ProteomeXchange Consortium via the PRIDE partner
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240  repository with the dataset identifier PXD015374. Target proteins were selected based on
241  peptide identification in gel bands from effector sample, but not in the control sample. The
242 grapevine orthologues of N. tabacum target proteins were identified with protein BLAST,
243  using the VCost.v3 version of the 12X.v2 version of the grapevine genome assembly

244 (Canaguier et al. 2017).

245  Enzymatic assays

246  Enzymatic assays were performed either in grapevine or tobacco (N. benthamiana) leaf

247  material. Grapevine material was collected from grapevine cv. Zweigelt (‘Rotburger’)

248  naturally infected with ‘Ca. P. solani’ in the vineyard in Klosterneuburg (Austria). Transiently
249  transformed N. benthamiana leaves were infiltrated with a mixture of agrobacteria, harboring
250  either the effector expression cassette and RNA silencing suppressor p19 (effector expressing
251  samples) or only p19 (control samples). Leaves of non-transformed plants were also analyzed
252 (intact control samples). In transformed plants, the enzyme activity was determined in the
253  agroinfiltrated leaf and in leaf above, here named systemic leaf. Leaves were sampled 3 and
254 14 days after agroinfiltration. Extraction of enzymes from plant leaf material was performed
255  exactly as previously described (Jammer ez «/. 2015; Covington Dunn et ¢l. 2016; Fimognari
256 et al 2020).

257  All enzymatic activity assays were performed in either UV-transmissive flat bottom 96-well
258  plates (UV-Star Greiner Bio One, Kremsmiinster, Austria). Protein extract volumes from 1 to
259  up to 20 ul were used for the reactions. Total reaction volume was 160 pl. Reaction mixes
260  were incubated in a plate reader (Ascent Multiskan; Thermo Fisher Scientific) for 40 min at
261 25 or 30°C according to the optimized protocol for each enzyme. All assays were carried out
262  intriplicates and for control assays the substrate was not added to the reaction mixes. Change
263  of absorbance per second was used to calculate activity of enzyme in nkat/g protein.

264  Enzymatic activity assay of carbohydrate metabolism related enzymes was performed

265  according to (Jammer et al. 2015). Antioxidant metabolism related enzymatic activity assay

266  were performed according to (Fimognari et al. 2020).

10
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Results

Prediction of candidate effector proteins

Bioinformatic analysis of ten genomic DNA sequences from ‘Ca. P. solani’ revealed the

presence of signal peptide cleavage sites characteristic of candidate effecter proteins in 11 to

20 proteins per genomic phytoplasma DNA and the presence of transmembrane helices in

proteins in 15 to 34 proteing per genomic phytoplasma DNA. Six of these proteins, that met

the criteria of signal peptide cleavage site, presence of transmembrane helices, annotation, and

unique expression in plantea, were selected lor further investigation as six putative efTector
proteins: PoSTOSP04, PoSTOSPO6, POSTOSP13, PoOSTOSP14, PoSTOSPI18, and
PoSTOSP28 (Table 1).

Table 1. List of candidate effectors of *Candidatus Phytoplasma solani’.
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278  PoSTOSP18 and PoSTOSP28 have known functions

279  Although the genomic sequences of the putative effectors were revealed here according to the
280  predicted effector criteria, i.e. presence and location of signal peptide cleavage sites and

281  transmembrane helices, two of them have been annotated previously. POSTOSP18 was

282  annotated as a substrate-binding protein within the ABC-type sugar transport system

283  (Table 1). PoSTOSP28, on the other hand, is 91-100% identical to an antigenic membrane
284  protein StAMP of ‘Ca. P. solani’ (Fabre, Danet & Foissac 2011). It encodes a 157 amino acid
285  long protein with a predicted signal peptide cleavage site at amino acid 32 and a C-terminal

286  hydrophobic a-helix detected in eight of ten genotypes examined (Table 1).

287  Toward deciphering the mechanisms of ‘Ca. P. solani’ manipulation of carbohydrate

288  metabolism

289  Hypothesizing that effectors of 'Ca. P. solani' are directly involved in the altered carbohydrate
290  metabolism previously demonstrated in 'Ca. P. solani', several key enzymes of the

291  carbohydrate metabolism were tested in leaves of N. benthamiana after Agrobacterium-

292  mediated transient transformation with each effector construct. The enzyme activity was

293 determined in the leaf, agroinfiltrated with the effector construct, and in a systemic leaf, 3 and
294 14 days after agroinfiltration. In general, there were no significant differences in the activity
295  determined in the control and inoculated leaves 3 days after transformation. There were also
296  no differences in activity between the control and systemic leaves, indicating that the effectors
297  did not move away from the inoculation site, probably due to the size of the protein fused

298  with YFP (see section on subcellular localization). However, in leaves inoculated with some
299  of'the effector constructs, differences in enzyme activities were detected after 14 days

300  compared with control (Fig. 1). The increased activity of UDP-glucose pyrophosphorylase
301 was associated with PoOSTOSP06 and PoSTOSP13; PoSTOSP18 and PoSTOSP28 had effects
302  on phosphoglucomutase activity; and PoOSTOSP04, PoSTOSP06, PoSTOSP13, and slightly
303  PoSTOSP28 on phosphofructokinase activity. The activity of aldolase was affected by

304  PoSTOSPO06, PoSTOSPI13, and PoSTOSP28. In addition, the higher activities of hexokinase
305  and fructokinase compared with the control were associated with PoSTOSP06, PoSTOSP13,
306 and PoSTOSP14 and PoSTOSP04, PoSTOSP06, PoSTOSP13, and PoSTOSP14, respectively.
307 A minor effect on ADP-glucose pyrophosphorylase activity was found in N. benthamiana
308  leaves producing effectors POSTOSP06 and PoSTOSP13.

12
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309  In symptomatic grapevines cv. Zweigelt infected with ‘Ca. P. solani’ compared to uninfected
310  grapevines, the metabolic pathways associated with the production of phosphorylated sugars
311 were induced both at the transcriptional level (i.e. Virvi04g01633 encoding UDP-glucose
312 pyrophosphorylase, Vitvi0lg00455 encoding phosphoglucomutase, Vitvil 800504 encoding
313 phosphoglucoisomerase, Vitvil4g01938 encoding phosphofructokinase, and Vitvi09g01500
314  encoding aldolase) and at the level of activity of the corresponding enzymes (Fig. 1,
315  Supplemental Table 2).
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Figure 1. Activities of key enzymes involved in carbohydrate metabolism associated with sugar
phosphorylation pathways. Enzyme activities are shown after transient transformation of N.
benthamiana with different effector constructs in inoculated leaves 14 days after transformation.
Enzyme activity levels were scaled using the corresponding mean value of the RNA silencing
suppressor p19. Scaled values, mean values and standard errors of the mean are shown for two
experiments. The grapevine enzyme activities together with the transcription level of corresponding
genes are shown as log> fold change values given by the differences between grapevines infected and
uninfected with ‘Ca. P. solani’ before (early) and after (late) symptom development. Transcription
values correspond to the following genes (Supplemental Table 2): Vitvi04g01633 for UDP-glucose
pyrophosphorylase, Vitvi01g00455 for phosphoglucomutase, Vitvil 8g00504 for
phosphoglucoisomerase, Virvi09g01500 for aldolase.
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328  Effector PoSTOSP2S interacts with grapevine phosphoglucomutase enzymes
329  Protein partner determination is an important step in understanding protein function and
330 identifying relevant biological pathways. We used a pull-down assay to detect possible
331  physical interaction(s) between PoSTOSP28 and proteins [rom N. benthamiana.
332 We identified potential interactors from 58 protein groups. These proteins were involved in
333 various processes, including primary and secondary metabolism, redox regulation,
334 photosynthesis, protein degradation, and processing {Supplemental Table 3) (Perez-Riverol et
335 al., 2019). For further analysis, we selected phosphoglucomutase (PGM, UniProtKB
336 identifiers AOATS3XHGE, AOATS4AIHG, and ADA1S4A684), which was associated with
337  increased enzyme activity in N. benthamiana leaves after transient transformation with
338 PoSTOSP28 (Fig. 1). Using an in planfa co-immunoprecipitation assay of YFP-tagged
339 PoSTOSP28 and HA-tagged N. tabacum phosphoglucomutase orthologues in grapevine
340 Viilog0089! (VvPGM 1} and Virvi0lg00435 (VvPGM2) in N. henthamiana (Fig. 2,
341 Supplemental Fig. 1), we confirmed that PoSTOSP28 intcracts with both grapevine
342 phosphoglucomutases.
VWPGM1-HA  VWPGM2-HA
PoSTOSP28-YFP + + - + -
&
=19
:

2 | ¢
343
344 Figure 2. PoOSTOSP2S interacts with grapevine phosphoglucomutases in planta. Co-
345 immunoprecipitation assay results, showing the interaction between PoSTOSP28 and VvPGMI and
346 VvPGM2. The combination of YFP- and HA-tagged proteins expressed in N. herthamiana is
347  indicated for each sample (+/=). Positive interactions were determined by detection of
348  immunoprecipitated (GFP-IP) complexes with anti-HA antibodies (asterisks). Detection of YFP-
349 tagged PoSTOSP28 with anti-GFP antibodies in GFP-IP samples and detection of proteing with anti-
350  GFP and anti-1 [A antibodies in leaf protein extracts (input) are shown as controls, Negative controls
351 for GFP are shown in Supplemental Fig. 1. The arrows indicate expected bands.
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352 Association of ‘Ca. P. solani’ infection with oxidative stress

353 It has been previously shown that transcripts of some enzymes related to oxidative stress in
354 grapevine cv. Zweigelt infected with ‘Ca. P. solani’ are increased (Dermastia et al., 2021).
355  Here, we show that transient transformation of N. benthamiana leaves with the candidate

356  effector constructs affects the activity of these enzymes. Transformation with all candidate
357  effectors tested was associated with an increase in ascorbate peroxidase activity, which was
358  also strongly induced in grapevine late in the growing season (Fig. 3). Interestingly,

359  monodehydroascorbate reductase activity was lower in all effectors except PoOSTOSP06

360  compared with control, which was associated with a decrease in the transcript of the two

361  grapevine monodehydroascorbate reductase genes Vitvi08g01483 and Vitvil4g01751 (Fig. 3,
362  Supplemental Table 2) and lower activity late in the growing season (Fig. 3). A transcript of
363 Vitvil3g00241 (Fig. 3, Supplemental Table 2), along with the activity of the associated

364  dehydroascorbate reductase, was increased in grapevine late in the growing season, and this
365  induction was consistent with increased activity in N. benthamiana leaves after transformation
366 by all effectors tested, except PoOSTOSP28 (Fig. 3). Similar effects of transformation with

367  effector constructs were detected on glutathione reductase activity. In symptomatic grapevine
368  plants late in the growing season the transcript level of Vitvi07g00037 that encodes

369  glutathione reductase was slightly lower in comparison with the uninfected grapevines (Fig. 3,
370  Supplemental Table 2), but the activity of the corresponding enzyme remains similar (Fig. 3).
371  In addition, the activity of N. benthamiana catalase was slightly increased by all effector

372 constructs tested, similar to the activity in grapevine.

16
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374 Figure 3. Activities of key enzymes involved in ascorbate-glutathione cycle. Enzyme activities are
375  shown after transient transformation of N. benthamiana with different effector constructs in inoculated
376  leaves 14 days after transformation. Enzyme activity levels were scaled using the corresponding mean
377  value of the RNA silencing suppressor pl19. Scaled values, mean values and standard errors of the

378  mean are shown for two experiments. The grapevine enzyme activities together with the transcription
379  level of corresponding genes are shown as log, fold change values given by the differences between
380  grapevines infected and uninfected with ‘Ca. P. solani’ before (early) and after (late) symptom

381 development. Transcription values correspond to the following genes (Supplemental Table 2):

382 Vitvi04g02166 for ascorbate peroxidase, Vitvi08g01483 for monodehydroascorbate reductase,

383 Viril3g0024]1 for dehydroascorbate reductase, Vitvi07g00037 for glutathione reductase.

384  Subcellular localization of the candidate effector proteins

385  To determine the subcellular localization of effector proteins, especially those with the highest
386  impact on enzymes involved in the phosphorylation of sugars (i.e. PoOSTOSPO06 ,

387  PoSTOSPO013, and PoSTOSP28), Agrobacterium-mediated transient transformation of V.

388  benthamiana was performed with YFP-tagged effector sequences, histone 2B (H2B) tagged
389  with monomeric red fluorescent protein 1 (H2B-mRFP1) and Arabidopsis thaliana remorin
390 1.3 (REM1.3) fused with mCherry (REM1.3-mRFP1). Their expression showed that all

391  proteins examined were localized in the nucleus and cytoplasm (Fig. 4, Supplemental Fig. 2).
392 Out of all the effector proteins, PoOSTOSP28 showed the highest expression in the thread-like
393 structures spanning the cells. Additionally, although it was also present in the nucleus, the

394 level of expression was usually lower compared with other effectors, accompanied by a

395  distinct edge at the periphery or just outside of the nucleus (Fig. 4, Supplemental Fig. 2).

18
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396

397
398
399
400

Effector-YFP H2B-mRFP1 + mCherry-AtREM1.3 Overlay

PoSTOSP06

PoSTOSP13

PoSTOSP28

Figure 4. Subcellular localization of effectors PoSTOSP06 (A), PoOSTOSP013 (B), and
PoSTOSP28 (C). From lett to right: effector tagged with YFP (effector-YFP). nuclear marker histone
H2B tagged with mRFP (H2B RFP) and plasmalemma marker 4. thaliana remorin 1.3 tagged with

mCherry (mCherry-AtREM1.3), overlay of effcctor and organclle markers. Scale bars 20 um.
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Effector PoSTOSP28 induces autophagosomes in N, benthamiana

On closer inspection, some round structures were found in the PoOSTOSP28 effector-
expressing cells. To identify the round structures, the effector of interest was expressed
together with the mRFPI-tagged ATG8 CL autophagosome marker. The marker showed that
the observed structures were frequently co-localized with autophagosomes (Fig. 5). Moreover,
almost no autophagosomes were obscrved in the control plants expressing only the mRIFP1-
tagged ATG8 CL autophagosome marker, suggesting that the effector PoSTOSP28 is not only

localized in the autophagosome but can also increase the occurrence of autophagosomes.

Figure 5. Potential effector PoOSTOSP28 induces autophagy in inoculated cells. The YFP-tagged
effector PoOSTOSP28 co-expressed with the mRFP[-tagged ATG8 CL autophagosome marker. White
arrows indicate co-localization of cffector and autophagosome markers. (A) YFP [luorescence derived
from YFP-tagged cffector PoOSTOSP28 (yellow), (B) mRIFP1-tagged nuclear marker histone H2B and
mRFEPI-tagged ATG8 CL marker fluorescence (magenta), (C) overlay of images, (D) cell expressing
only mRFP1-tagged ATG8 Cl.. Scale bars 20 pm.
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416  Discussion
417  Candidate effectors are phytoplasma species and strain specific
418  Candidate effectors from Ca. P. solani’ strain BN601 originated from grapevine cv. Zweigelt
419  were compared with effectors from the “Ca. P. solani’ strain SA-1 derived from infected
420  grapevines and transferred to and maintained in Madagascar periwinkle (Music Seruga ef al.
421  2019). PoStoSP04 is identical to PSSA1_v1¢2050. PoStoSP13 showed 45 % identity with
422 PSSA1_v1c4770. The sequence of PoStoSP14 includes the sequence of PSSA1_v1c5140.
423 This sequence comprises only one third of the PoStoSP14 sequence and shows 92 % identity
424 with it (Supplemental Fig. 3). Considering the broad plant host range and polyphagous insect
425  vectors of ‘Ca. P. solani’, the presence of a significant number of strain-specific genes within
426  the species has already been suggested (Music Seruga et al. 2019).
427  PoStoSP06, PoStoSP18, and PoStoSP28 are not included in the effector list of the strain SA-1
428  (Music Seruga et al. 2019). A gene encoding PoStoSP28 is present in the ‘Ca. P. solani’
429  genome annotated as stamp, with a suggested function in phytoplasma-insect interaction
430  (Fabre er ¢ 2011). The gene encoding StAMP is highly variable, as evidenced in several
431  studies on grapevines infected with ‘Ca. P. solani” from different countries (Cvrkovié, Jovié,
432 Mitrovié, Krsti¢ & Tosevski 2014; Murolo & Romanazzi 2015; Atanasova et al. 2015; Deli¢
433 et al 2016; Quaglino ef al. 2021; Mehle et al. 2022). This variability suggests that StAMP is
434 subject to positive diversifying selection pressure, probably related to its interaction with the
435 insect vector (Fabre et al. 2011). StAMP has a similar structure to the cell-surface
436  phytoplasma membrane antigen membrane proteins (AMP) of *Ca. P. asteris’, which form a
437  complex with microfilaments of insect cells only in the viscera and salivary glands of insect
438  vectors (Suzuki ef al. 2006; Galetto et al. 2011). A similar structure may indicate a similar
439  function as AMP of ‘Ca. P. asteris’ (Kakizawa et al. 2004). Since phytoplasmas can survive
440  only in their insect vectors or in the phloem of their host plants, the possible biological role of
441  StAMP as a virulence factor in plant pathogenesis was investigated here along with other
442  identified candidate effectors.
443 On the other hand, several substrate-binding proteins associated with the ATP-binding
444 cassette (ABC) transporters that are secreted through the Sec-dependent pathway have been
445  characterized in ‘Ca. P. asteris’ strain AY-WB (Bai ef al. 2009) and are also present in ‘Ca. P.
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solani’” strain SA-1 (Music Seruga et gl 2019). In this study. we examined a substrate-binding
protein of ABC-type sugar transport system as a candidate effector PoStoSP18. Although
plant pathogenic bacteria encode numerous ABC transporters that enable them to import a
greater number of molecules compared to saprophytes and animal pathogens, they have been

little examined in plant pathogens (Zeng & Charkowski 2021).

Phytoplasma genomes include potential mobile units, putative transposon-like elements, that
are thought to contribute to the genome instability observed in these bacteria (Bai et al. 2009).
They arc also present in the *Ca. P, solani’ strain SA-1 genome (Music Seruga ef of. 2019).
These potential mobile units and DNA clements often contain genes for candidate virulence
proteins effectors (Bai ez al. 2009). At least twenty of the proteins annotated as putative
effectors in *Cea. P. solani’ strain SA-1 genome are located within these regions (Music
Seruga ef al. 2019). However, a comparison of candidate ¢ffectors studied in this work with
putative effectors from the strain SA-1 indicate that only PoStoSP14, which is related (o
PSSA1 v1e5140, might be associated with the potential mobile units. Among the candidate
effectors of SA-1, PSSA1 v1c5140 is shown to be unique to that strain (Music Seruga ¢f af.
2019).

Modulation of phosphorylated sugars by the candidate effectors

There is growing evidence that infection with ‘Ce. P. solani’ affects carbohydrate metabolism
in grapevine, probably Icading to symptoms such as leaf curling, yellowing or reddening of
leaf margins, and hard, brittle texture of leaves (Dermastia et al. 2017). However, it is not
always easy to distinguish whether the primary event is the generation of a metabolic sugar
signal or a direct effect of a corresponding pathogen signal (Prezelj ef ¢l 2016a). By directly
tracking the consequences ol transient translormation of N. benthamiana with pulative
phytoplasma effectors on the host plant, this study at least partially resolves a dilemma.
Although the molecular mechanism behind the effect of the analyzed effector candidates on
plant carbohydrate metabolism remains unclear, the localization of the effector in plant nuclei
suggesls a possible perturbation of this metabolism at the transcriptional level (Fig. 4), besides

direct interactions with enzymes, as shown for phosphoglucomutase (Fig. 2).

The general upper part of glycolysis is encoded in all known phytoplasma genomes. The
genes encoding the upper part of glycolysis (i.e. phosphoglucose isomerase,

phosphofructokinase, aldolase) were found in two strains of *Ca. P. solani” originated from
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477  tobacco plants as well in SA-1 strain originated from grapevine (Mitrovi¢ ez al. 2014; Music
478  Seruga et al. 2019). However, phytoplasmas lack the hexokinase and sugar-specific
479  phosphotransferase systems to mediate the entry of phosphorylated hexose into glycolysis
480  (Kube ef al. 2012), which is the first step in the breakdown of glucose to produce energy in
481  the form of ATP. Our previous metabolome analysis showed that the amount of fructose-6-
482  phosphate and other hexose-6-phosphates in the middle leaf veins, containing the phloem sap
483  from grapevines infected with ‘Ca. P. solani’, was 2.7- to 2.9-fold higher than in uninfected
484  grapevines (Prezelj ef al., 2016). This finding confirmed the suggestion that there should be a
485  yet unclear phytoplasma pathway for importing sugars and generating the hexose-6-phosphate
486  to support glycolysis (Tan ez al. 2021). The results of this study show for the first time that
487  candidate phytoplasma effector proteins may be involved in the manipulation of plant
488  metabolism through these processes. Moreover, they suggest that effector proteins may even
489  mediate more than one pathway that could supply phytoplasmas with phosphorylated hexoses
490  (Fig. 1). Although the molecular mechanism of how the candidate effectors of ‘Ca. P. solani’
491  alter plant metabolism to increase the activity of specific enzymes in the glycolytic pathway is
492 currently unknown, it appears that the coordinated action of multiple candidate effectors is
493 involved (Fig. 1). This is consistent with the tinding that several effectors of *Ca. P. asteris’
494  AY-WB have at least two interactions with host proteins and some of them with more than
495 240 host proteins (Marrero ef al. 2020).

496  The first possible pathway for providing ‘Ca. P. solani” with fructose-6-phosphate includes
497  the activation of the grapevine hexokinase system by the candidate effectors (Fig. 1 - blue
498  pathway) and further conversion of the resulting glucose-6-phosphate by phytoplasma-

499  encoded phosphoglucose isomerase (Kube ef al. 2012; Music Seruga et al. 2019). Fructose
500  can also be directly converted to fructose-6-phosphate by the action of fructokinase, shown to
501  be affected by all but PoSTOSP18 and PoSTOSP28 effector constructs (Fig. 1 - red pathway).
502 Another alternative pathway leading to fructose-6-phosphate includes induction of the

503  enzyme UDP-glucose pyrophosphorylase leading to glucose-1-phosphate, followed by

504  conversion of the resulting glucose-1-phosphate to glucose-6-phosphate by

505  phosphoglucomutase (Fig. 1 — green pathway). Its activity was induced in transformed N.

506  benthamiana by PoOSTOSP18 and PoSTOSP28 (Fig. 1 — green pathway), and the product may
507  be a substrate for phosphoglucoisomerase or for ADP -glucose pyrophosphorylase involved in
508  starch biosynthesis (Fig. 1 - black pathway). Moreover, the results suggest a role of
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PoSTOSP28 in the pathogenicity of phytoplasma in grapevine by interacting with grapevine

phosphoglucomutase enzymes (Fig. 2).

It is worth noting that in this analysis POSTOSP18, as a putative substrate-binding protein
within the ABC-type sugar transport system, was associated only with the increase in
phosphoglucomutase activity (Fig. 1 — green pathway). At the moment it is not known if
PoSTOSP18 binds to any of the phytoplasma ABC transporters present in phytoplasma
genomes (Bai ef al. 2009; Music Seruga et al. 2019) or to the host ABC transporters, which
are particularly abundant in plants and are involved in many essential physiological processes
as well as responses to biotic and abiotic stresses and interactions with the environment
(Lefévre & Boutry 2018). Since some ABC transporters can transport many structurally
unrelated substances, the list of their possible substrates is far from clear (Lefévre & Boutry

2018).

The conversion of fructose-6-phosphate to fructose-1,6-bisphosphate by phosphofructokinase
and of fructose-1,6-bisphosphate to dihydroxyacetone phosphate by aldolase was induced by
PoSTOSP06 and PoSTOSP13. The latter was also affected by PoSTOSP28 and was
significantly higher at transcript level and enzyme activity in infected grapevines (Fig. 1),

indicating a potential regulation of its activity through transcriptional regulation.
Candidate effectors induce ascorbate-glutathione cycle

Conditions that exceed the sensory or pathogen defense capacities of plant cells disrupt the
balance between oxidants and antioxidants in favor of oxidants, resulting in disruption of
redox signaling and control and/or molecular damage (Sies, Berndt & Jones 2017). As a
result, plants generate large numbers of reactive oxygen species (ROS) in cells. To avoid
metabolic disorders, plants must have systems for ROS elimination. On the other hand, since
ROS are a common feature of plant defenses, it should also be advantageous for any pathogen
to be able to block the effects of ROS. A common first line of defense against ROS is the use
of antioxidant enzymes (Fones & Preston 2012). The most important antioxidant system for
the efficient removal of ROS and maintenance of cellular homeostasis is the ascorbate-
glutathione cycle with three interdependent redox pairs: ascorbate/dehydroascorbate, reduced
form of glutathione (GSH)/glutathione disulfide (GSSG), NADPH/NADP, and three
enzymes: ascorbate peroxidase, monodehydroascorbate reductase, dehydroascorbate

reductase, and glutathione reductase. Remarkably, the induction of the entire ascorbate-
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540  glutathione cycle in infected grapevines cv. Zweigelt toward the end of the growing season
541  correlated positively with the induced enzyme activity in N. benthamiana leaves after
542 transient transformation with different candidate effectors (Fig. 3). It appears that all effector
543 candidates tested contribute to the induced activity of ascorbate peroxide after transient
544  transformation of N. benthamiana leaves, with a very low contribution from PoSTOSP18 and
545  PoSTOSP28 (Fig. 3). Interestingly, PoSTOSP04, which was the only candidate effector
546  identical to one found in the strain SA-1 (Music Seruga ef al. 2019), contributed only to the
547  enzymes associated with oxidative stress.

548  The possible involvement of candidate effectors in induced autophagosome formation in
549  ‘Ca. P. solani’ pathogenicity

550  An interesting observation in this study was the co-localization of autophagosomes with the
551  effector candidate PoSTOSP28 (Fig. 5), after transient transformation of N. henthamiana with
552 effector constructs. The formation of these de novo double-membrane vesicles is part of an
553  evolutionarily conserved degradation process of macroautophagy, which is required for the
554  maintenance of cellular homeostasis. Plants use autophagosomes to engulf damaged

555  organelles, nonfunctional proteins, and pathogens. Autophagosomes then fuse with the plant
556  vacuole, where their contents are degraded (Wun, Quan & Zhuang 2020). Plant pathogens
557  have evolved ways to bypass or modulate plant autophagy and use it to their own advantage
558  (Leary et al. 2018). Macroautophagy is divided into several steps involving different

559  autophagy-related proteins (ATGs). Some of them initiate the process, while ATG9 is

560  required for the final formation of autophagosomes (Feng & Klionsky 2017). In grapevine cv.
561  Zweigelt, several autophagosome-related genes were upregulated in plants infected with ‘Ca.
562  P.solani’, especially late in the growth period (Supplemental Table 2). Of note are the

563  increased transcript levels of Atgl8 (i.e. Vitvi07g00210, Vitvil4g00317, Vitvil 1g00813,

564 Vivil9g01985) and Vitvi03g00492, which encodes ATG?2. It has been suggested that the

565  ATG2-ATGI18 complex binds the pre-autophagosomal structure to ER to initiate expansion
566  during autophagosome formation (Kotani, Kirisako, Koizumi, Ohsumi & Nakatogawa 2018).
567  In addition, the upregulated Atg9 gene Vitvi07g00580 may be involved in further

568  autophagosome expansion (Feng & Klionsky 2017). Transcriptome analysis also revealed
569  upregulation of Vitvil6g01309 and Vitvi04g0i1617, which encode ATG13, shown to bind

570  ATG9 (Suzuki et al. 2015). The mechanism linking these data to the induction of

571  autophagosomes in transformed N. benthamiana leaves is not known. However, there are
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reports of mammalian systems in which impaired regulation of redox signaling can result in
autophagic activity leading to a variety of diseases (Yun ef al. 2020). Due to the low activity
of the ascorbate-glutathione cycle in N. benthamiana leaves transformed with the

PoSTOSP28 construct, its role in autophagy is less likely in oxidative stress.
Conclusions

This is the first comprehensive study on the possible physiological roles of candidate effectors
or virulence factors of the plant pathogen ‘Ca. P. solani’. Bioinformatic search for their
sequences in the genomes of phytoplasmas isolated from infected grapevines revealed several
candidates. One of them was identical to and some of them resembled those already found in
‘Ca. P. solani’ strain SA-1. Two others already suspected of playing a role in phytoplasmas,
were added to the list. According to the hypothesis that phytoplasmas obtain most nutrients
from the plant and therefore compete with the host for similar or identical nutrient substrates,
it is hypothesized that a minor change in metabolism could significantly affect the outcome of
pathogen-host interactions in providing nutrients, energy, and metabolites for successful
replication and infection in plants. Since carbohydrate metabolism in plants has been shown
to change upon phytoplasma infection, this study confirms the modulation of this metabolism
by potential effectors. Moreover, most of the effectors tested contributed to the enzyme
activities of the ascorbate-glutathione cycle. In addition, an effector showing some similarities
with the effector of the strain SA-1 and the effector previously shown to interact with insect
vectors as StAMP were associated with the induction of autophagosomes in plant cells. These
results confirm that phytoplasmas interfere with plant metabolism and pave the way for

further elucidation of the molecular mechanisms involved in these interactions.
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2.3 TGA Transcription Factors — Structural Characteristics
as Basis for Functional Variability

Spela Tomaz, Kristina Gruden and Anna Coll
Frontiers in Plant Science, 2022, 13:935819. DOI: 10.3389/fpls.2022.935819

This review paper provides a new perspective on the TGA transcription factor mechanism
of action by focusing on the structural specifics of TGA proteins in Arabidopsis and
tobacco. A comprehensive review of TGA function was last published in 2013, while the
structural-functional features of individual TGAs have not yet been addressed. Our paper
introduces the reader to the functional diversity of TGAs and describes each of their three
main protein parts: the intrinsically disordered N-terminus, the conserved DNA-binding
domain, and the C-terminus. By combining published data with in silico analyses of TGA
sequences, we connect their structural characteristics with their functional roles.

The PhD candidate carefully examined the available literature on the different roles of
TGA transcription factor structural parts and used the protein sequences of Arabidopsis
and tobacco TGAs to create sequence alignments, perform phylogenetic analyses, and
intrinsic disorder predictions. The PhD candidate wrote the first manuscript draft and
prepared the figures.
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TGA transcription
factors—Structural
characteristics as basis for
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!Department of Biotechnology and Systems Biology, National Institute of Biology, Ljubljana,
Slovenia, ?Jozef Stefan International Postgraduate School, Ljubljana, Slovenia

TGA transcription factors are essential regulators of various cellular processes,
their activity connected to different hormonal pathways, interacting proteins
and regulatory elements. Belonging to the basic region leucine zipper
(bZIP) family, TGAs operate by binding to their target DNA sequence as
dimers through a conserved bZIP domain. Despite sharing the core DNA-
binding sequence, the TGA paralogues exert somewhat different DNA-
binding preferences. Sequence variability of their N- and C-terminal protein
parts indicates their importance in defining TGA functional specificity
through interactions with diverse proteins, affecting their DNA-binding
properties. In this review, we provide a short and concise summary on
plant TGA transcription factors from a structural point of view, including
the relation of their structural characteristics to their functional roles in
transcription regulation.

KEYWORDS

DOG1 domain, functional variability, intrinsically disordered regions, plant
transcription regulation, post-translational modifications, structural characteristics,
TGA transcription factors

Introduction

The Arabidopsis thaliana genome encodes for over 2,200 transcription factor
genes, according to the Plant Transcription Factor Database' yet few of them have
been thoroughly characterized. The TGACG-binding (TGA) transcription factors were
among the first plant transcription factors ever studied, their discovery dating back to
the year of 1989 (Katagiri et al, 1989). Named after their hallmark binding site, the TGA
factors became known for their regulation of defense-related genes through interaction
with NON-EXPRESSOR OF PR-1 (NPR1) cofactor (Zhang et al., 1999), a salicylic acid
receptor and master regulator of plant immunity (Wu et al,, 2012; Backer et al,, 2019;
Wang W. et al,, 2020). Among dicot plant species, the ten Arabidopsis TGA factors,

1 http://planttfdb.gao-lab.org
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AtTGA1-7, AtPERIANTHIA (AtPAN), and AtTGA9-10, have
been investigated most thoroughly, next to five tobacco
(Nicotiana tabacum) members, NtTGA1A, NtPG13, NtTGA2.1,
NtTGA2.2, and NtTGA10. They are distributed into five clades
(Jakoby et al,, 2002), which are phylogenetically divided into
two branches (Figure 1). Functional analysis of TGAs from
different clades revealed not only their importance in biotic
stress response (Zhang et al, 2003; Kesarwani et al, 2007;
Zander et al., 2010; Sun et al.,, 2018), but also in regulation of
gene expression connected to abiotic stress responses (Zhong
et al,, 2015; Fang et al,, 2017; Herrera-Véisquez et al, 2021),
developmental processes (Murmu et al, 2010; Maier et al,
2011; Wang et al., 2019), circadian rhythm (Zhou et al., 2015),
detoxification (Fode et al., 2008; Mueller et al., 2008; Herrera-
Vasquez et al, 2021), nitrate signaling (Alvarez et al,, 2014;
Canales et al,, 2017), flowering (Thurow et al., 2005; Song et al.,
2008; Maier et al., 2011; Xu et al., 2021), and autophagy (Wang
P. etal, 2020) (Figure 1). Initially, the function of TGAs from
clades I, II, and III was mainly associated with plant immunity,
whereas the first reports on clade IV and V members revealed
their role in regulating developmental processes (reviewed in
Gatz, 2013). However, this apparent functional division is
becoming less evident as an increasing number of reports show
that most clades are involved in a variety of processes (Figure 1).
For example, clade I TGAs have also been shown to be involved
in regulating growth and development (Li et al,, 2019; Wang
et al, 2019), while clade IV TGAs are also important in biotic
stress (Noshi et al., 2016; Venturuzzi et al., 2021).

A detailed review, integrating TGA transcription factor
research, was published last in 2013 (Gatz, 2013). The
complexity of TGA involvement in various molecular processes,
the lack of research supporting the proposed mechanisms of
action and limited reports on the relation between structure
and in vivo function have become characteristic features of
TGA studies and are the reason for our lack of knowledge
about their mechanism of action. In order to understand how
transcription factors operate, we must consider their structural
characteristics as the underlying basis of protein activity. Here,
we consider the importance of reported and in silico determined
TGA structural features in defining their functional specificity
and variability, focusing on the characterized TGA factors from
Arabidopsis and tobacco.

From TGA factor structure to their
function

For more than 30 years after their discovery, the TGA
protein three-dimensional (3D) structure remained a mystery
and the first structural data have been published only recently
in a breakthrough report providing a partial cryo-electron
microscopy (cryo-EM) structure of AtTGA3 in complex
with NPR1 (Kumar et al, 2022). Additionally, the novel
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artificial intelligence algorithm AlphaFold (AF) allows structure
prediction without the availability of known similar structures
(Jumper et al,, 2021) and AF models for full-length Arabidopsis
and tobacco TGAs are already available in the AF Protein
Structure Database (Figure 2A; Varadi et al, 2022). In the
following subchapters, we aim to connect literature reports with
in silico analyses, to better understand the biological role of the
three main structural parts of TGAs: The conserved basic region
leucine zipper (bZIP) domain, the highly variable N-terminal
part, from now on referred to as the N-terminus, and the
C-terminal part (C-terminus), containing a putative Delay of
Germination 1 (DOG1) domain (Figures 2A,B).

The highly conserved DNA-binding
domain

TGAs are members of the bZIP protein superfamily and
represent a plant-specific subgroup, found in different species,
including mosses and liverworts (Gutsche and Zachgo, 2016;
Gutsche et al,, 2017). bZIP proteins are defined by their DNA-
binding and dimerization region known as the bZIP domain,
which is highly conserved among plants and even across
kingdoms (Jindrich and Degnan, 2016). Multiple sequence
alignment of Arabidopsis and tobacco TGAs shows the bZIP
domain as the region of highest protein sequence identity,
regardless of plant species (Figure 2C). The bZIP domain
determines DNA-binding specificity and serves as a nuclear
localization signal (Figure 2B; van der Krol and Chua, 1991;
Deppmann et al, 2004). It consists of two regions, the basic
region and the leucine zipper. Hydrogen bond formation with
the major DNA groove is facilitated through the basic region,
which contains an invariant N-x7-R/K motif (Drége-Laser et al.,
2018). Nineteen out of 20 amino acids of the TGA basic region,
including the N-x7-R motif, remain identical in all aligned
Arabidopsis and tobacco sequences, with a few clade/species-
specific differences present only in the first residue (Figure 2D).

bZIP proteins bind target DNA as dimers, with
combinatorial homo- or heterodimerization at the DNA-
binding site granting them broad variability in regulation of
physiological responses (Deppmann et al, 2006; Rodriguez-
Martinez et al, 2017). The leucine zipper confers dimer
formation and determines dimerization specificity. It consists
of repetitive seven-amino acid units, called heptads. Each
heptad contains a conserved leucine residue at its fifth position
(Landschulz et al., 1988; Deppmann et al., 2006). TGA bZIP
domains have three leucine zipper heptads, which show higher
variability than the basic region, yet retain the conserved
leucines. The only exception is AtTGA10, where the third
leucine is replaced with isoleucine (Figure 2D). The number
of heptads is among the lowest compared to other Arabidopsis
bZIP proteins (Deppmann et al, 2004), rendering the 41 aa bZIP
domains in TGAs considerably shorter from the typical 60-80
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Unrooted phylogenetic tree of Arabidopsis and tobacco TGAs. Phylogenetic analysis of TGA factors shows an earlier separation of clades into
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members in the same branch. TGA involvement in regulation of different processes, based on literature search, is represented for each clade.
Sequence alignment by MUSCLE (Edgar, 2004) and phylogenetic analysis by the Maximum Likelihood method, based on the JTT matrix-based
model (Jones et al., 1992), were conducted in MEGA7 (Kumar et al, 2016). The branch length scale represents the number of substitutions per
site. Protein sequences with listed protein identification numbers were retrieved from UniProtKB (https://www.uniprot.org/): AtTGAL (Q39237),
AtTGA2 (P43273), AtTGA3 (Q39234), AtTGA4 (Q39162), AtTGAS (Q39163), AtTGA6 (Q39140), AtTGA7 (Q93ZE2), AtPAN (Q9SX27), AtTGA9
(Q93XM6), AtTGA1L0 (E3VNM4), NtTGAIA (P14232), NtPG13 (Q05699), NtTGA2.1 (024160), NtTGA2.2 (Q9SQK1), and NtTGA10 (Q52MZ2).

aa bZIP length (Jindrich and Degnan, 2016). Additionally,
the leucine zippers of TGAs contain destabilizing residues at
dimer contact sites, making the zipper formation less stable
(Deppmann et al, 2004). The extent to which dimerization
stability affects transcription factor binding time at its specific
motif is not known and unstable interactions might shorten
DNA-binding times, resulting in a lower number of generated
transcripts (Swift and Coruzzi, 2017).

During DNA-binding the bZIP domains of two proteins
grip the DNA segment in a scissor-like fashion, while attaining
an alpha-helical fold (Vinson et al., 1989; Ellenberger et al.,
1992), as shown in the human FosB-JunD-DNA complex
3D structure (Figure 2E; Yin et al, 2017). The role of the
leucine zipper in TGA dimerization had been demonstrated by
switching the leucine zipper in NtTGA2.2 for a zipper from the
human Jun bZIP protein, which prevented heterodimerization
with NtTGA2.1 (Thurow et al, 2005). However, deletion of
93 aa from AtTGA2 N-terminus, including the entire bZIP
domain, still allowed homodimer formation (Boyle et al,
2009) and multiple reports have shown that TGA dimerization
depends significantly on other protein parts as well. A dimer
stabilization region had been identified in the C-terminus
of tobacco NtTGAIA, located between 178 and 373 aa
(Katagiri et al,, 1992). Formation of stable contacts through
the TGA C-terminus was recently confirmed with cryo-EM,
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which revealed homodimerization of AtTGA3 C-termini in
the AtTGA3-NPR1 complex structure (Kumar et al, 2022).
Moreover, deleting the residues from 146 to 330, spanning more
than half of the protein C-terminus, abolished the DNA-binding
activity of AtTGA2 (Johnson et al, 2008), which could be
due to hindered dimerization. Additionally, protein interaction
analyses in vitro and in vivo showed that TGAs can form
homodimers, heterodimers as well as higher order complexes
(Niggeweg et al., 2000; Schiermeyer et al,, 2003; Boyle et al,,
2009) and the oligomerization properties of AtTGA2 seem to
be dependent on the region spanning its N-terminus and bZIP
domain (Boyle et al., 2009).

Recognition of only a short DNA sequence is usually
sufficient for transcription factor binding (Kribelbauer et al,
2019). The TGACG pentamer is the common TGA dimer
binding site and sufficient for their binding (Katagiri et al,
1992; Schindler et al, 1992; Izawa et al, 1993). ChIP-
seq analysis of AtTGA2 revealed that 55% of significantly
enriched regions in the Arabidopsis genome contained the
TGACGTCA palindrome, while all carried at least the TGACG
core motif (Thibaud-Nissen et al, 2006). The palindrome
was also determined as the representative binding motif of
AtTGAs in DAP-seq data (O'Malley et al,, 2016). In addition,
tandem TGACG repeats, such as the activating sequence-1
(as-1) or as-1-like elements, allow more options regarding

frontiersin.org

2.3. TGA Transcription Factors — Structural Characteristics as Basis for Functional Variability

79



Chapter 2. Scientific Publications

Tomaz et al. 10.3389/fpls.2022.935819

N
C-terminus
" L
Lo
-
N-terminus
Model Confidence:
DEIP domap I Very high (pLDDT > 90)
M Confident (90 > pLDDT > 70)
Low (70 > pLDDT > 50)
B Very low (pLDDT < 50)
B Q1 Q2
e S—
N-terminus bZIP domain C-terminus
(various lengths) (contains NLS) (DOG1 domain)
c 1 100 400 500 S5422a
ATCA: i fiiroy
AtTGA4 |
Clade ! | NITGA1A
NtPG13 |
AtTGA2
AtTGAS
Clade Il { AtTGA6
NtTGA2.1 1 1 Y |
NtTGA2.2
AtTGA3 |
Clade Ill { AtTGA7 I
Clade V { AtPAN |
AtTGA9 Il
Clade IV{ AtTGA10 IS | - LTI
NtTGA10 L JElil - UL
100% similar
[ 80 to 100% similar
5 [A7] 60 to 80% similar
1 [A]Less than 60% similar
D 220 230 250 260 aa E c c
sequence ogo ] [ SHRILGRTTY .
AtTGA1 KR Rkl 1oLEQelDRAR o
AtTGA4 JRRLAQNR EAARK SRLRKK. RLKE | HLEQE LDRAF %
NtTGA1A KV[LRRLAONR EAARK SRLRKK NSKLKEIQLEQELERARK ®
NtPG13 F EAARK SRLRKK NSKLKELOLEQELERTRQQ 5
AtTGA2 INREAARKSRLRKK NSRLKETQLEQELQRARQQ 2
AtTGAS K oNR EAARK SRLRKK NSRLKLTOL EQELQRARQC 3
AtTGA6 K 1| RRLAONREAARK SRLRKK NSRLKE
NtTGA2.1 KTLRRLAQNR EAARK SRLRKK SRLKESQ
NtTGA2.2 KTiLRRLAQNREAARK SRLRKK RMKL
AtTGA3 KMKRRLAQNREAARK SRLRKKAHVQOLEESRLKLSQLEQE « DNA &
AtTGA7 KMK R LAONR EAARK SRLAKKAYVOOLEESRLKESOLEQELEKVKQC 2
A(PAN F HRLAONREAARK IRLAQLEEELKRARQQ g
AtTGA9 KT|LRRLAGNREAARK ©
AtTGA10 KTk RRLAGNREAARKSRLR 2
NtTGA10 KTl RRLAGNR EAARK 3
N N

Basic region (N-x,-R) Leucine containing heptads

FIGURE 2

Among the three main TGA protein parts, the bZIP domain is the most highly conserved. (A) The AlphaFold generated 3D model of AtTGAL
(Jumper et al,, 2021; Varadi et al., 2022) (pLDDT, AlphaFold per-residue confidence score) and (B) a schematic representation of TGA domain
organization, showing the flexible N-terminus, the bZIP domain and the C-terminus, encompassing a putative Delay of Germination 1 (DOG1)
domain. The nuclear localization signal (NLS) and glutamine rich regions Q1 and Q2 are indicated. (C) Multiple sequence alignment of ten
Arabidopsis and five tobacco TGAs, with segments of high similarity or identity colored darkest and lowest similarity lightest, shows the bZIP
domain retains the highest sequence identity throughout the whole protein sequence. In cases where sequence segments at N-terminal or
C-terminal ends are not aligned to any of the other sequences, they are considered identical and are colored black. (D) A closer examination of
the bZIP domain shows few variations in the basic region, while the three zipper heptads, with conserved leucine residue positions marked,
show higher variability. The alignment and sequence logo were prepared and visualized with Geneious Prime 2020 (Kearse et al,, 2012), using
default parameters. (E) Structural model of the human FosB-JunD bZIP dimer in complex with DNA (5VPE entry in RCSB PDB) (Yin et al., 2017)
The models in (A,E) were visualized in UCSF ChimeraX (Pettersen et al,, 2021).
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the binding stoichiometry. For example AtTGA2, AtTGAS,
NtTGA2.1, NtTGA2.2, and NtTGA10, can bind tandem repeats
in two-dimer complexes (tetramers). Although past reports
indicated that AtTGA1, AtTGA3, and NtTGAI1A prefer single-
dimer formation (Lam and Lam, 1995; Niggeweg et al., 2000;
Schiermeyer et al., 2003), Kumar et al. (2022) show single and
double occupancy of tandem repeats in the Pathogenesis related-
1 (PR-1) promoter by AtTGA3 in electrophoretic mobility
shift assays. The single-occupancy band is depleted in the
presence of NPRI, which supershifts the double-occupancy
band. The AtTGA3-NPR1-DNA complex structure consists
of four AtTGA3 and two NPRI proteins, where an NPR1
dimer connects two DNA-bound AtTGA3 dimers (Kumar
et al, 2022). The spacing between tandem repeats is also
important, as it affects element recognition, binding affinity and
TGA transcription activation ability (Krawczyk et al, 2002).
Moreover, TGA paralogues have been shown to occupy the
A-box (TACGTA), C-box (GACGTC), G-box (CACGTG), and
T-box (AACGTT) motifs with different affinities (Izawa et al.,
1993; Wang et al., 2019).

Heterodimerization of transcription factors with different
binding preferences can, undoubtedly, result in distinct DNA-
binding specificities and affinities (Rodriguez-Martinez et al,
2017). NtTGA2.1/NtTGA2.2-NtTGA1A heterodimers have
been recruited to a single TGACG motif (Niggeweg et al,, 2000).
Homodimer binding can be stabilized by the presence of other
TGA homodimers at the tandem occupancy site (Lam and Lam,
1995). Besides the motif seq e, adjacent seq
are also important for binding, as they determine intrinsic
DNA properties and consequently the transcription factor
binding affinity (Kribelbauer et al., 2019). For example, when
compared to the as-1-like element, the affinity of AtPAN was
stronger for the 33 bp long AAGAAT motif, characterized by
an AAGAAT sequence upstream of a single TGACG pentamer
(Gutsche and Zachgo, 2016). Additionally, local adjustments of
TGA concentration, for example through specific subnuclear
localization, may contribute to successful binding to suboptimal
binding sites (Kribelbauer et al,, 2019).

e regions

Staying flexible through N-terminus

The N-terminus is likely a major contributor in defining
TGA functional specificity. It is the least conserved part of
the TGA structure, with a high variability in amino acid
sequence and length (Figure 2C). Studies analyzing the TGA
N-terminus function indicate its various roles, but only a few
of them have been corroborated by further analysis. Due to
its relatively high acidic amino acid content (9-24%, calculated
as the percentage of aspartic and glutamic acid residues), it
was proposed that it likely takes on a transcription regulation
function (Katagiri et al, 1989). Acidic regions are common
to many transcription activation domains and, according to
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the model proposed by Staller et al. (2018), help exposing
the hydrophobic residues to facilitate contact formation with
coactivators. In support of this, removing the N-terminus of
NtTGA1A diminished its transcription activation ability in
tobacco cotyledons (Neuhaus et al,, 1994).

Because activation domains often interact with a variety of
structurally distinct coactivators, they are usually intrinsically
disordered as well, thus their 3D structure is hard to determine
(Staller et al, 2018). In line with this, the TGA N-terminal
region is mostly unstructured in the AF models (Figure 2A)
and has an overall high probability of disorder (>0.5) with
variably interspaced more structured sections according to three
intrinsic disorder predictors, IUPred2 (Figure 3; Mészdros etal,,
2018), PrDOS (Ishida and Kinoshita, 2007) and SPOT-disorder
(Hanson et al,, 2017) (Supplementary Figure 1). The intrinsic
disorder pattern as well as the N-terminus length seem largely
clade-dependent. Clade I and III TGAs all harbor medium
length N-termini of about 75-100 aa, which, according to
two of the prediction algorithms, share a higher probability
of disorder near the basic region, with disorder decreasing
further away from the bZIP domain. Most clade II members
exhibit short N-termini of about 40-50 aa, with a high disorder-
probability spanning their whole length. Clade IV and clade
V member N-termini are the longest, reaching 216 aa in
NtTGA10. While intrinsic disorder is higher in clade IV TGA
N-termini, the AtPAN N-terminus seems more structured
based on IUPred2 and PrDOS predictions (Figure 3 and
Supplementary Figure 1).

Electrophoretic mobility shift assay results have shown that
the long N-terminus of NtTGA2.1 enabled weak binding to
the as-1 element, while the binding of shorter NtTGA2.2 was
stronger. Furthermore, shortening the NtTGA2.1 N-terminus
increased the protein DNA-binding stability (Niggeweg et al,
2000). Modulation of protein-DNA interaction stability
therefore may be one of the N-terminus features. Additional
stabilizing elements in DNA-binding motif vicinity can
stabilize the protein-DNA interactions through parts other
than the DNA-binding domain. Motif recognition and binding
stabilization through the N-terminus have been shown in
other transcription factors. For instance, the N-terminal arm
of the Drosophila melanogaster Hox homeodomain factor
stabilizes the binding to DNA by inserting the positively
charged amino acids within the arm into the minor DNA
groove (Abe et al,, 2015).

While several discrepancies regarding the mechanisms of
AtTGA-mediated transcriptional regulation in cooperation with

NPRI1 remain (discussed previously in Gatz, 2013), the study
from Boyle et al. (2009) indicated that the TGA N-terminus
is important for determining its activation/repression function.
In accordance with the results from Zhang et al. (2003) and
Kesarwani et al. (2007), who show that AtTGA2 acts as a
constitutive repressor, modulating basal promoter activity of the
PR-1 gene, the AtTGA2 N-terminus assumes a non-autonomous
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FIGURE 3
The N-termini of TGAs are intrinsically disordered. Representation of intrinsic disorder regions of full-length TGA amino acid sequences from
Arabidopsis and tobacco, created based on IUPred2 prediction algorithm results (Mészaros et al,, 2018). The N-termini of analyzed TGAs show
generally high (>0.5), yet clade-specific pattern of intrinsic disorder probability, while the disorder probability is considerably lower in their
C-termini. Charts representing TGAs from the same clade were aligned based on the conserved bZIP domain, which is shown as grey area.

repression function and proved important also for AtTGA2
oligomerization at the DNA-binding site (Boyle et al,, 2009).
However, AtTGA2 interaction with NPR1 in the presence of
salicylic acid activates gene expression (Rochon et al,, 2006).
In the proposed NPRI-AtTGA2 activation complex, NPR1
prevents the DNA-binding of AtTGA2 oligomer and negates
the AtTGA2 repression function through interaction with its
N-terminus (Boyle et al,, 2009).

Interestingly, Gutsche and Zachgo (2016) described the role
of AtPAN N-terminus in connection to its redox-sensitive DNA-
binding. Its unique feature is the presence of five cysteine
residues, dispersed throughout the N-terminus. AtPAN binds
the AAGAAT motif in reducing conditions, while an oxidizing
environment diminishes this interaction. Mutations of all
AtPAN cysteines, including Cys340 in the C-terminus or the
complete removal of N-terminus, both prevented such redox-
dependent motif-binding (Gutsche and Zachgo, 2016). The
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activity of the N-terminus was further confirmed in planta.
The expression of either AtPAN N-terminus deletion mutant,
AtPAN with mutated N-terminal Cys68 and Cys87, or of AtPAN
with substituted of all N-terminal cysteines to serines could
not complement the pan knockout plant phenotype (Gutsche
and Zachgo, 2016). Nevertheless, the mechanisms of redox-
dependent sensitivity based on N-terminal cysteines remain
to be elucidated.

On the other hand, the TGA N-terminus effects on
interactions with other proteins should also be considered. The
AtTGA2 N-terminus can be bound by the copper chaperone
induced by pathogens (CPP) and the AtTGA2-CPP interaction
enhances AtTGA2 binding to the PR-1 promoter (Chai et al,
2020). The N-terminal half of AtTGA3, including the bZIP
domain, interacts with the WRKY53 transcription factor (Sarkar
et al, 2018), while it also enhances AtTGA3 interaction
with NPR1 in yeast (Zhou et al, 2000). Yeast two-hybrid
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assays of AtPAN and AtTGA3 deletion mutants indicated that
their N-termini strengthen interactions with ROXY1 CC-type
glutaredoxin (Li et al., 2011), however, these results have not
been confirmed with quantitative analyses.

C-terminus: Glutamine rich regions
and the DOG1 domain

TGAs share a relatively conserved C-terminus of about
250 aa in length. Overall, it has a lower intrinsic disorder-
probability in all clades (Figure 3 and Supplementary Figure 1)
and contains two 20-30 aa long regions rich in glutamine
residues, designated Q1 and Q2 (Figure 2B; Katagiri et al,
1989; Gatz, 2013). Glutamine-rich regions occur in transcription
activation domains and can modulate transcription activation
through unknown mechanisms (Arnold et al,, 2018). Activation
and/or repression function of individual TGAs is therefore
likely the result of both N- and C-terminal contributions of
the same protein. As described above, the TGA N-terminus
is important for modulation of protein-protein interactions.
However, the C-terminus has been identified as the main
protein-protein interaction region in several studies. It is
sufficient for interaction of AtTGA2 and AtTGA3 with NPR1
(Fan and Dong, 2002; Johnson et al., 2008; Kumar et al., 2022).
AtPAN and AtTGA3 interact with ROXY1 primarily through
the Q2 and the intervening region, which represents the first
third of their C-termini (Li et al,, 2011).

Consistent with the TGA AF model (Figure 2A), the cryo-
EM and crystallographic data presented by Kumar et al. (2022
show that the 3D structure of AtTGA3 C-terminus (aa 166-377)
is predominantly alpha-helical, containing five longer and three
shorter alpha-helices that are connected with flexible linkers.
The alpha-helices envelop a single molecule of palmitic acid,
the role of which has yet to be elucidated. The C-terminus is
involved in AtTGA3 dimerization as well as interaction with
the ankyrin repeat region of NPRI, leading the authors to
refer to it as NPR1-interacting domain (NID). The NID forms
contacts with NPR1 through four residues near the center of the
AtTGA3 C-terminus sequence (Glu263, Pro264, Thr266, and
Asp267) and four residues close to its C-terminal end (Thr351,
Thr352, Arg353, and Arg357). Additionally, by using a series
of chimeric AtTGA1/AtTGA2 proteins, Després et al. (2003)
show the importance of AtTGA2 C-terminal aa 236-266 in
establishing the interaction with NPR1. Furthermore, the NPR1
Broad-Complex, Tramtrack, and Bric-a-brac/Pox virus and Zinc
finger domain was shown to interact with AtTGA2 N-terminus
(Boyle et al, 2009). While the cryo-EM structures of AtTGA3
bZIP and N-terminus could not be determined likely due to
flexible linker connecting them to the NID (Kumar et al,, 2022),
it would be interesting to compare their involvement in the
TGA-NPR complex.
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The TGA C-terminus contains also the DOG1 domain,
which spans most of the region according to the ExPASy
Prosite domain prediction tool (Sigrist et al, 2013). The domain
name originates from the Arabidopsis DOGI protein, a plant-
specific protein involved in seed dormancy control (Bentsink
et al, 2006). DOG1 was also identified as a microprotein,
a transcription factor-like protein of low molecular weight
without the DNA-binding ability that could be involved in
modulation of TGA activity (Magnani et al,, 2014). Circular
dichroism spectra of a recombinant DOGI revealed it to be
an alpha-helical protein as well, containing a heme-binding site
important for DOG1 function (Nishimura et al,, 2018). Despite
low sequence identity between AtTGAs and DOGI, some
DOG1 domain residues remain conserved and may contribute
to the final protein fold or any key structural and functional
characteristics (Sall et al,, 2019), indicating the possibility of
heme-binding activity also in TGAs. Phylogenetic analyses have
shown that TGAs form a monophyletic group outside of DOG1
family members, which include DOGI and five DOG1-like
(DOGL) proteins (Nishiyama et al,, 2021). The presence of
conserved amino acid residues related to Calmodulin (CaM)
binding in the C-terminus in both protein groups, indicates
that DOGI1 could act as a CaM-binding domain in AtTGA
transcription factors (Sall et al,, 2019). CaM is an important
calcium (Ca2™) sensor and affects a number of cellular processes
in response to increased concentrations of free Ca?* (Bergey
et al, 2014). Several TGAs have been identified as CaM
interactors (Popescu et al, 2007). The CaM/Ca** complex
enhanced AtTGA3 binding to TGACG elements in vivo and
in vitro by direct protein-protein interaction (Szymanski et al.,
1996; Fang et al,, 2017), signifying a close connection of TGA
transcription regulation with Ca?* influx, a primary occurrence
following stress-related events in plant cells (Tian et al,, 2020).

Additionally, interactions with a variety of structurally
distinct proteins have been shown to affect TGA activity, but
the protein part important for the interaction has not yet
been identified. For instance, clade II AtTGAs interact with
WRKYS50 transcription factor to cooperatively activate PR-1
gene expression (Hussain et al,, 2018), or with NPR1 paralogues
NPR3 and NPR4 to repress the expression of SAR DEFICIENT
1 (SARDI1) and WRKY70 (Ding et al,, 2018). Recently it has
been shown that AtTGAS and AtTGA?7 interact with CYCLIN-
DEPENDENT KINASE 8 (CDKS8), involved in the recruitment
of RNA polymerase II (Chen et al, 2019), and AtTGA2 with
HIGH OSMOTIC STRESS GENE EXPRESSION 15 (HOS15)
corepressor (Shen et al,, 2020). All Arabidopsis TGAs interact
with ROXY glutaredoxins, albeit with different binding affinities
(Li et al, 2009; Murmu et al, 2010; Zander et al, 2012).
Being able to interact with various cofactors suggests a certain
flexibility in the binding region itself or the presence of
multiple binding sites. Considering the C-terminus to be fairly
structured, it could contain more than one protein-binding
region. To further facilitate interaction specificity and modulate
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binding affinity of different TGA-interactor combinations,
additional contact sites are likely mediated by the variable
N-terminus.

What is the role of post-translational
modifications?

Post-translational modifications (PTMs) are known to be
important in regulation of protein function and can affect
protein activity on many levels, including dimerization, DNA-
binding or protein interactions. TGAs have been found to be
subjected to phosphorylation (Kang and Klessig, 2005; Kim
et al,, 2022), S-nitrosylation, S-glutathionylation (Lindermayr
etal,, 2010; Gutsche and Zachgo, 2016) and most notably redox-
dependent regulation through disulphide bond formation
(Després et al., 2003; Lindermayr et al., 2010; Gutsche and
Zachgo, 2016). Phosphorylation was among the first PTMs
studied in TGAs. Clade II AtTGAs and to a lesser extent
AtTGA3, but not clade I AtTGAs, can be phosphorylated by
casein kinase II (CK2) and experiments with AtTGA2 deletion
mutants revealed the phosphorylation site to be within the first
20 aa of its N-terminus. The CK2-mediated phosphorylation of
AtTGA2 reduced its DNA-binding activity (Kang and Klessig,
2005). On the other hand, the clade I AtTGAs have been shown
to be phosphorylated by BR-INSENSITIVE2 (BIN2) at their
C-terminus. This phosphorylation destabilized AtTGA4 and
inhibited its interaction with NPR1 in vivo (Kim et al,, 2022).

TGAs seem tightly connected to redox-dependent
regulation and several studies focused on examining the
importance of TGA cysteine residues. Clade II AtTGAs contain
only one cysteine in their C-terminus, but its function remains
unknown (Huang et al, 2016; Findling et al,, 2018). AtPAN
retains five cysteines in the N-terminus alone, which are
involved in redox-dependent modulation of AtPAN DNA-
binding, while the S-glutathionylation of the Cys340, localized
in a putative transcription activation domain in AtPAN
C-terminus, indicates that additional mechanisms could modify
its activity post-translationally (Gutsche and Zachgo, 2016).
Clade I AtTGAs contain four cysteines, two of which are unique
and were found to facilitate redox-dependent interaction
with NPR1 in the presence of salicylic acid (Després et al,
2003), with the redox regulation proposedly mediated by nitric
oxide (Lindermayr et al, 2010). Furthermore, substitutions
of the same cysteines prevent clade I AtTGA interactions
with the NPR-family Blade-on-Petiole (BOP) proteins (Wang
et al, 2019). However, Budimir et al. (2021) showed that the
reduction of cysteines in AtTGA1 may not affect its function in
salicylic acid-dependent gene expression. The conflicting results
regarding clade I redox regulation were discussed recently (Li
and Loake, 2020), and although a tight connection between
TGAs and the intracellular redox state is clearly important
for their activity, the role of TGA cysteine residues is still a
subject of debate.
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Discussion

Although TGAs represent a relatively small group of
regulatory proteins, they are able to affect a wide range of cellular
processes. The three main TGA protein parts have individual
yet overlapping roles, jointly contributing to the functional
variability of each paralogue (Figure 4). Thus far, the link
between TGA structural characteristics and plant phenotype
is not well studied. Extensive work has been dedicated to
understanding how TGAs bind to DNA, as well as to which
genes they regulate (Gatz, 2013). However, while one area of
studies focuses on the biochemistry of binding, the other is
concentrated mainly on the function of TGAs in interaction
with other proteins, using knockout plants. The use of high-
throughput DNA-binding methodologies in TGA studies can
be challenging due to their low abundance in plant tissue and
the question of how different TGAs with similar DNA-binding
preferences can regulate so many different functions remains
to be elucidated.

Specific studies should be designed to understand how
the ability to form homo/heterodimers, tetramers or higher
order complexes with other proteins at promoter regions affects
target transcription and the physiological response of the plant.
Most of the available molecular information is based on the
studies of the PR-1 promoter, which may not be representative.
Additional gene models should be developed to study the TGA
mechanism of action in vivo. Analyzing local DNA structural
features in silico (Li et al,, 2017; Samee et al., 2019) should
also be considered for identification and analysis of TGA
binding specificities. Suboptimal binding sites can contribute to
TGA function as well, depending on local transcription factor
molecule concentration, determined by their spatio-temporal
gene expression and non-redundant subnuclear distribution
(Kribelbauer et al, 2019). The mechanisms regulating TGA
abundance, however, are not well understood. TGAs are
differentially regulated at the expression level subsequent to
pathogen infection, abiotic stress and show tissue specific
expression (Chen et al, 2018; Wang et al,, 2019; Seo et al,
2020). In addition they are subjected to complex post-
transcriptional (Pontier et al, 2002) and post-translational
processes (Kang and Klessig, 2005; Lindermayr et al, 2010;
Gutsche and Zachgo, 2016).

In order to thoroughly understand the role and interplay
of different TGA clade members, it is imperative to recognize
key structural differences between them, individually and in
higher order complexes. Resolving the complete TGA factor
3D structure in complex with their various protein interactors
at target promoters would provide the basis for further
experiments in studying TGA activity. Development of cryo-
EM methods, which are already reaching atomic resolution
(Yip et al, 2020), proved valuable in structural analysis of
complexes and will continue playing an important role in the
future of structure determination. Alternatively, computational
modeling algorithms, such as AF (Jumper et al, 2021), can
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Schematic representation of TGA protein parts contribution to TGA function. All three protein parts of TGAs are multifunctional, each involved
in several tasks connected to their interaction with target DNA motifs, dimerization and/or oligomerization and protein-protein interactions with
transcription factors, cofactors or other proteins, resulting in a specific shift in gene expression activity.

provide a useful solution to understand the structure-function
relationship better, when obtaining structures experimentally
proves difficult (Greener et al., 2019; Aderinwale et al., 2020).
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This publication represents the first report focusing on the TGA transcription factors in
potato and their role in plant immunity. Using phylogenetic and sequence analysis, we
identified and characterized for the first time a potato TGA protein (StTGA2.1) with an
unusually compact molecular architecture due to an extremely short N-terminus and a
truncated bZIP domain. We referred to this type of TGAs as mini-TGAs, which are not
found in Arabidopsis. Using functional and in silico structural analyses, we showed that
StTGA2.1 modulates gene expression through association with full-length TGAs. We
prepared SA-deficient potato plants overexpressing StTGA2.1 and discovered that its
overexpression is sufficient to attenuate PVY replication in these immunocompromised
plants. Furthermore, we show that this mini-TGA is directly involved in the regulation of
class III peroxidase gene expression. Finally, we employed computational modeling and
simulations to understand better the structural aspects of StTGA2.1 contribution to
transcriptional regulation.
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ABSTRACT

TGA transcription factors, which bind their target DNA through a conserved basic region
leucine zipper (bZIP) domain, are vital regulators of gene expression in salicylic acid (SA)-
mediated plant immunity. Here, we investigate the role of StTGA2.1, a potato TGA lacking
the full bZIP, which we name a mini-TGA. Such truncated proteins have been widely
assigned as loss-of-function mutants. We, however, confirm that St7GA2. I overexpression
compensates for SA-deficiency, indicating a distinct mechanism of action compared with
model plant species. To understand the underlying mechanisms, we show that StTGA2.1 can
physically interact with StTGA2.2 and StTGA2.3, while its interaction with DNA was not
detected. We investigate the changes in transcriptional regulation due to SiITGA2.1
overexpression, identifying direct and indirect target genes. Using in planta transactivation
assays, we confirm that StTGA2.1 interacts with StTGA2.3 to activate StPRX07, a member of
class III peroxidases, which are known to play role in immune response. Finally, via structural
modelling and molecular dynamics simulations, we hypothesise that the compact molecular
architecture of StTGA2.1 distorts DNA conformation upon heterodimer binding to enable
transcriptional activation. This study demonstrates how protein truncation can lead to novel

functions and that such events should be studied carefully in other protein families.
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INTRODUCTION

Plants have developed efficient strategies to withstand the invasion of surrounding microbes.
Pathogen recognition is mediated by plant cell-surface and intracellular receptors, triggering a
cascade of intracellular reactions, orchestrated by phytohormones, ultimately leading to a
finely modulated transcriptional reprogramming (Zhou and Zhang, 2020). Regulation of
defense-related gene expression is among the most fundamental aspects of the immune
response, involving multiple transcription factors and cofactor proteins. Since their initial
discovery in tobacco over 30 years ago (Katagiri et al., 1989), the importance of TGACG-
binding (TGA) transcription factors in plant immunity, as well as modulation of other cellular

processes, has been widely studied (Gatz, 2013).

TGAs are a group of transcription factors belonging to the basic region leucine zipper (bZIP)
protein family. Their mechanism of action has been thoroughly studied in Arabidopsis
thaliana, where the ten Arabidopsis TGAs (AtTGAs) group into five clades (Jakoby et al.,
2002). Clade II members, AtTGA2, AtTGAS, and AtTGAS6, are essential regulators of the
salicylic acid (SA)-mediated defense response, where they play a redundant, yet vital role in
establishing resistance following infection (Zhang et al., 2003; Zhou and Zhang, 2020). They
co-regulate the expression of key defense-related genes and genes involved in SA synthesis
through interaction with NON-EXPRESSOR OF PR (NPR) cofactors (Zhang et al., 1999;
Ding et al., 2018), while also participating in jasmonic acid and ethylene-mediated signaling
(Zander et al., 2010). Structurally, TGAs consist of an intrinsically disordered N-terminus of
varying length, a conserved bZIP domain, which entails a basic region and a leucine zipper,
and a C-terminal region that contains a putative Delay of Germination 1 (DOG1) domain
(Tomaz et al., 2022). TGAs bind their target DNA through the bZIP basic region, while the
leucine zipper is important for protein dimerization (Thurow et al., 2005) and oligomerization

(Boyle et al., 2009). The TGACG core sequence is sufficient for TGA binding, although high-
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throughput DNA-binding studies revealed the TGACGTCA palindrome as the representative

binding motif (Thibaud-Nissen et al., 2006; O’Malley et al., 2016).

The molecular mechanisms of TGA-mediated regulation involve complex interactions
between TGAs and other proteins (Gatz, 2013). For example, the SA-receptor NPR1 interacts
with AtTGA2 to activate the expression of the Pathogenesis Related-1 (PR-1) gene
expression (Zhang et al., 1999; Backer et al., 2019), but the mechanistic aspect of this
cooperation is not yet entirely clear. Several studies suggest that AtTGA2 acts as a
constitutive repressor of PR-1 in absence of biotic stress (Zhang et al., 2003; Rochon et al.,
2006; Kesarwani et al., 2007). Its repressive activity is then alleviated through NPR1
interaction with AtTGA2 N-terminus, affecting the binding stoichiometry and leading to the
formation of a transcriptional activation complex (Rochon et al., 2006; Boyle et al., 2009).
Additionally, other reports propose NPR1 interacts with TGAs not yet bound to DNA and
indicate it could facilitate TGA binding to target promoter (Johnson et al., 2008).
Furthermore, regulatory proteins, such as WRKY50 (Hussain et al., 2018) and histone
acyltransferase (HAC) transcription factors (Jin et al., 2018), have also been shown to

contribute to AtTGA?2 transcriptional function.

Although the results obtained in Arabidopsis provide a molecular framework for
understanding the role of TGAs in plant immunity, we know much less about their function in
crops. The involvement of TGAs in biotic stress response has been reported in several
species, including rice (Moon et al., 2018), soybean (Lawaju et al., 2018), strawberry (Feng et
al., 2020), tobacco (Thurow et al., 2005), and tomato (Ekengren et al., 2003). Potato (Solanum
tuberosum L.) is one of the most widely grown crops (FAO, 2020) and tuber production is
severely threatened by pathogen infections. Several transcription factor families have been
associated with the regulation of potato defense response (Chacon-Cerdas et al., 2020), but

the mechanisms underlying potato TGA (StTGA) activity remain largely unexplored.
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Here we identify the mini-TGA StTGA2.1, a potato clade 11 TGA, which lacks most of the
bZIP DNA-binding domain and has a shorter N-terminus. We hypothesize that StTGA2.1
cannot bind DNA by itself because of the truncated bZIP and therefore modulates gene
expression through its interaction with additional DNA-binding StTGAs. By combining in
vivo and in vitro functional studies, we confirm the role of StTGA2.1 in potato immunity.
Furthermore, using in silico structural analysis and molecular dynamics simulations, we
provide insights into the molecular basis for a different mechanism of action of StTGA2.1

compared to other StTGAs.
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RESULTS
Potato encodes clade II TGAs with truncated bZIP domain

In previous work, we investigated gene expression in response to viral infection in non-
transgenic resistant potato (NT) and its transgenic derivative (NahG), which is impaired in SA
accumulation and thus sensitive to infection (Baebler et al., 2014). To identify the TGA
transcription factors involved in potato immunity, we examined the expression patterns of the
fourteen StTGA genes, orthologues of AtTGAs (Supplementary Table 1 and Supplementary
Table 2). Notably, Sotub10g022560 was up-regulated in infected NahG transgenic plants, but

not in the parental lines, suggesting that it may be an important component of SA signaling.

To classify the StTGAs, we conducted a phylogenetic analysis of all candidate potato
proteins, along with the ten AtTGAs and thirteen TGAs from tomato (SITGAs) (Hou et al.,
2019; Lemaire-Chamley et al., 2022). Interestingly, the three clade [1 AtTGAs are
orthologous to five StTGAs and four SITGAs (Fig. 1a). Three closely related members of this
clade, including Sotub10g022560, named StTGA2.1, StTGA2.4 (Sotub10g022570) and
SITGA2.3 (Solyc10g080780) (Hou et al., 2019, Lemaire-Chamley et al., 2022) have shorter
protein sequences than other TGAs (Fig. 1b). Domain prediction studies showed that they
retain the putative C-terminal DOG1 domain, however, the bZIP domain is almost completely
lost, retaining only a partial zipper region. In addition, their N-terminus is very short and
dissimilar to the N-termini of other clade IT TGAs. We named these three proteins mini-

TGAs.

By targeted sequencing of a ~36.5 kbp region on chromosome 10, where St7TGA2.1, StTGA2.2
(Sotub10g022550) and StTGA2.4 loci are co-located, we confirmed the reduced length of
StTGA2.1 and StTGA2.4 in a tetraploid cultivar that was used for further analyses

(Supplementary Fig. 1).
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StTGA2.1 improves immune response in salicylic acid-deficient potato

SA signaling has proven vital for the establishment of an efficient defense response against
potato virus Y (PVY) infection in resistant potato cultivars (Baebler et al., 2014; Lukan et al.,
2020). We thus investigated the role of StTGA2.1 in plant immunity using the potato-PVY
pathosystem. We generated SA-deficient NahG transgenic potato plants inducibly
overexpressing St7GA2.1 (TGA2.1-NahG) using the glucocorticoid-system (Aoyama and
Chua, 1997), in which target gene expression is controlled by external application of
dexamethasone (DEX). Three transgenic TGA2.1-NahG lines, showing more than 6-fold
induction in St7GA2.1 expression after DEX treatment (Supplementary Fig. 2a-c), were
selected for further analysis. We observed that viral replication was significantly reduced in
TGA2.1-NahG compared to NahG at 10 days post infection (dpi) (Fig. 2, Supplementary Fig.
2d-f). As expected, little to no PVY was detected in NT plants exhibiting a typical resistant
phenotype (Baebler et al., 2014). This shows that overexpression of St7GA2.1 can

compensate for the lack of SA in potato immune response to PVY.

StTGAZ2.1 retains its dimerization ability and shows a distinct localization pattern

Protein interaction studies using the yeast two-hybrid assay showed that StTGA2.1 can form
both homodimers and heterodimers with StTGA2.2 and StTGA2.3 (Sotub01g009430) (Fig.
3a), further confirmed by in planta co-immunoprecipitation assay (Fig. 3b, Supplementary
Fig. 3a—c). Additionally, the size-exclusion chromatography elution volume of a recombinant
Hise-tagged StTGA2.1 corresponded to the size of a dimer (Supplementary Fig. 3d,e), while
chemical cross-linking of a non-tagged protein yielded monomers, dimers, and higher order
complexes (Supplementary Fig. 3f). Overall, these results demonstrate that StTGA2.1 retains
protein-protein interaction ability. In addition, we examined whether StTGA2.1 can interact

with two potato NPR cofactors, an orthologue of AtNPR1, SINPR1 (Sotub07g011600), and
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an orthologue of AtNPR3 and AtNPR4, StNPR3/4 (Sotub02g015550). Our results showed
that StTGA2.1 as well as StTGA2.2 and StTGA2.3 interact with both StNPRs in yeast and
that the addition of SA to the media promotes these interactions (Supplementary Fig. 4).

Thus, the ability to interact with NPR proteins is not perturbed in mini-TGA StTGA2.1.

Subcellular localization of GFP-tagged StTGAZ2.1 in the N. benthamiana leaf epidermis and
mesophyll showed that it can localize to cell nuclei (Fig. 3c). StTGAZ2.1 also showed a
distinct localization pattern with intense fluorescence in the cytoplasm, which was enhanced
around the chloroplasts (Supplementary Fig. 5a). We also detected its fluorescence in the ER
and in granular formations of about 0.5-1.0 um in size (Supplementary Fig. 5). In contrast,
StTGA2.2 and StTGA2.3 showed predominantly nuclear localization and were organized into

subnuclear formations of different sizes within the nuclei (Fig. 3¢, Supplementary Fig. 6).

Identification of potential StTGAZ2.1 targets with spatial transcriptomic profiling

To gain insight into the mini-TGA mechanism of action in plant immunity, we examined the
expression profile of NahG plants overexpressing St7GA2. 1. By sampling tissue sections
containing lesions and their immediate surrounding area after PVY infection (Supplementary
Fig. 7a), we were able to follow transcriptomic changes in PVY-responding cells (Lukan et
al., 2020). RNA sequencing results showed a regulation of 217 genes due to StTGA2.1
overexpression in the NahG background (TGA2.1-NahG vs. NahG plants comparison,
Supplementary Table 3). However, over 1,800 genes were differentially expressed
exclusively in TGA2.1-NahG, when plants were exposed to pathogen infection
(Supplementary Fig. 7b). Technical validation of the RNA sequencing data by qPCR is shown

in Supplementary Table 4.

Gene Set Enrichment Analysis (Supplementary Table 5) enabled us to extract key differences

in gene expression at the level of processes or functionally related gene groups (BINs), as
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they are defined by the MapMan ontology (Ramsak et al., 2014). Important immunity-related
or regulatory BINs, enriched in up- or down-regulated genes of PVY- vs. mock-inoculated
plants for all three genotypes, are listed in Table 1. Up-regulated genes enriched uniquely in
TGA2.1-NahG included isoprenoid metabolism-related genes, PHD finger and PHOR1
transcription factors, and peroxidases (Table 1). On the other hand, the C2C2(ZN) DOF
transcription factors were enriched in down-regulated genes in TGA2.1-NahG plants. PVY-
regulation of cytokinin and jasmonate metabolism was lost in TGA2.1-NahG compared with
the other two genotypes, as was the up-regulated expression of WRKY transcription factors

(Table 1).

StTGA2.1 and StTGA2.3 activate the class III peroxidase StPRX07

As the expression of several peroxidases was up-regulated after St7GA2. 1 overexpression in
PVY-infected NahG plants (Table 1, Supplementary Table 5), we recognized them as
potential direct targets of StTGA2.1. To test our hypothesis, we selected three class 111
peroxidases (StPRX, Supplementary Table 6), StPRX07 (Sotub09g020950), StPRX15
(Sotub02g035680), and StPRX46 (Sotub03g007840), which were up-regulated in TGA2.1-
NahG compared with NahG (Supplementary Table 3 and Supplementary Table 7), for further
analysis. Analysis of their promoter regions revealed predicted TGA-binding motifs between

450 and 750 bp upstream of the transcription start site (Fig. 4a).

To investigate the ability of StTGAs to bind these motifs, we first tested whether the
StTGA2.3 and StTGAZ2.1 proteins could bind to four candidate DNA fragments from StPRX
promoter regions, PRX07p 1, PRX07p 2, PRX15p 1 and PRX46p (Fig. 4a), using surface
plasmon resonance. Titration of a recombinant StTGA2.3 over chip-immobilized PRX07p 1
and PRX07p 2 fragments, carrying the predicted TGA-binding motifs of the StPRX07
promoter, resulted in a dose-dependent increase in response, compared to reference (Fig. 4b).

Interaction with PRX15p 1 and PRX46p fragments was negligible (Fig. 4b). As predicted by
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the absence of the basic region, we did not measure any interaction between the Hisg-tagged
StTGA2.1 and the tested DNA (Supplementary Fig. 8a). These results suggest that StTGA2.3,
but not StTGA?2.1, binds specifically to the TGA-binding motifs in the StPRX07 promoter.
Furthermore, titration of StTGA2.3 premixed with StTGA2.1 over PRX07p 1 and PRX07p 2
fragments resulted in higher responses compared with StTGA2.3 alone, whereas this was not
the case for PRX15p 1 (Supplementary Fig. 8b). These results support the formation of a

StTGA2.1-StTGA2.3 complex at the StPRX07 regulatory region.

Finally, we tested the ability of StTGA2.3 and StTGA2.1 to activate the StPRX07 promoter in
planta, using a transient transactivation assay (Lasierra and Prat, 2018). For this purpose, the
2.95 kbp long promoter region upstream of the StPRX07 start codon, containing both
predicted TGA-binding motifs, was fused to a luciferase (Luck) coding sequence. GFP-
tagged StTGA2.1 and BFP-tagged StTGA2.3 were then co-expressed with the reporter
construct, confirmed by confocal microscopy. Co-expression of the reporter construct with
StTGAZ2.3 induced the expression of StPRX07::LucF by approximately 20% compared with
basal promoter activity, whereas co-expression with StTGA2.1 resulted in only minor
induction (Fig. 4¢, Supplementary Fig. 8c). In contrast, more than two-fold induction in
promoter activity was observed when co-expressed with both StTGA2.1 and StTGA?2.3,
compared to control, meaning the induction was about three to four-times stronger when both
StTGAs were overexpressed (Fig. 4c, Supplementary Fig. 8c). These results indicate that
strong activation of SIPRX07 promoter is achieved only when both StTGA2.3 and StTGA2.1

are present.

10
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StTGA2.1 N-terminus likely contributes to protein interactions and alters TGA binding

to DNA

Comparative structural analysis using AlphaFold (AF) (Jumper et al., 2021) revealed
important singularities in the molecular architecture of StTGA2.1, mostly contained in its N-
terminus. In the AF models of StTGA2.2 and StTGA?2.3, the intrinsically disordered N-
terminus is followed by an a-helical bZIP domain, which includes several basic residues and
three heptads that comprise the leucine zipper (Fig. 5a,b, Supplementary Fig. 9). In contrast,
StTGAZ2.1 has a short N-terminus with low helical propensity due to the Pro25 a-helix
breaker, harboring only the basic residues Arg20, Arg30, and Arg24, and lacking the first and
most of the second leucine zipper heptad (Fig. 5a,b). The conserved hydrophobic residues
Leu34, Val31, and Phe38 may contribute to protein dimerization by forming a partial zipper
that could be stabilized by the hydrophobic Val28 and Val29. Persistent contacts identified in
molecular dynamics (MD) simulations of StTGA2.2 and StTGA2.3 homo- and heterodimers
are preserved in StTGA2.1 and involve the said hydrophobic residues (Fig. Sb,

Supplementary Fig. 10).

We then inquired if the StTGA2.1 N-terminus binds to DNA. Based on prior knowledge of
AtTGA?2 and its cognate TGACG motif (Boyle et al., 2009), we modelled the DNA-bound
StTGA2.2-StTGA2.2 and StTGA2.2-StTGA2.1 dimers and, via MD simulations, identified
the key DNA-binding residues (Fig. 5¢,d, Supplementary Table 8 and Supplementary Table
9). Persistent interactions in the StTGA2.2 homodimer mostly correspond to salt bridges,
formed between the bZIP basic residues and the DNA phosphate groups, and do not explain
the StTGA2.2 motif-binding specificity. In contrast, sequence specificity is provided by
hydrophobic contacts between the StTGA2.2 Alal 72 residue and the DNA T2 methyl group
or between Alal71 and T-4 or T-5. Indeed, most of the predicted TGA-binding motifs (Fig.

4a) have a thymine or adenine in these positions. While the contacts involving StTGA2.2 in

11
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243 the StTGA2.1-StTGA2.2 heterodimer are highly preserved, the StTGA2.1-DNA interactions
244  are dramatically reduced, with only Argl1, Arg20, and Arg24 forming persistent contacts
245  with the DNA phosphate groups (Fig. 5d, Supplementary Table 9). Moreover, the StTGA2.1
246  partial zipper positions the last basic residue (Arg24) more distant to the DNA compared to

247  StTGA2.2 (Lys180), breaking the protein-DNA complex symmetry.

248  Another important singularity of StTGA2.1 is that its partial zipper connects directly to the
249  putative DOG1 domain, while the two domains are connected by a 13 aa peptide linker in
250  StTGA2.2 and StTGAZ2.3. This may greatly influence its interdomain conformational

251  flexibility. Pro51 in StTGA2.1 (Ala227 and Alal10, in StTGA2.2 and StTGA2.3,

252 respectively), disrupts the DOG1 a-helix 1 (al) and forms a shorter, disordered linker that
253  could somehow compensate for this absence. These results indicate that the compact

254  molecular architecture of StTGA2.1, which causes an asymmetric distribution of basic

255  residues in the StTGA2.1-StTGA2.2 heterodimer, significantly distorts the DNA

256  conformation near the binding site, supporting strong promoter activation upon binding of the

257  heterodimer compared with binding of the homodimer.

12
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DISCUSSION

TGAs are involved in modulation of various cellular processes, acting as positive or negative
regulators of gene expression (Gatz, 2013). Their structural features provide the basis for their
functional variability, defining their subcellular localization, target recognition, DNA-binding,
as well as their ability to form dimers, oligomers or interact with other proteins (Tomaz et al.,
2022). In Arabidopsis, all ten AtTGAs share a highly conserved bZIP domain, essential for
establishing specific interactions with DNA. Here, we report on the structural-functional
relationship of a mini-TGA from potato, StTGA2.1, which lacks a full bZIP but still acts at
target gene activation. Mini-TGAs were identified in potato (this study), tomato (Hou et al.,
2019; Lemaire-Chamley et al., 2022), and strawberry (Feng et al., 2020), but not in

Arabidopsis.

Homo- and heterodimerization of StTGA2.1 (Fig. 3a.b, Supplementary Fig. 3), which
contains only a part of an already short and presumably unstable TGA zipper region
(Deppmann et al., 2004), corroborates the findings of Boyle er al. (2009), who established
that the leucine zipper is not crucial for dimerization of AtTGA2 (Boyle et al., 2009). Instead,
StTGAZ2.1 dimerization is likely mediated by interactions involving its C-terminal region,
previously reported to contain a dimer stabilization region (Katagiri et al., 1992). In line with
this, the recent cryo-EM structure of an NPR1-AtTGA3 complex revealed the formation of
stable homodimer contacts between two AtTGA3 C-terminal regions (Kumar et al., 2022).
StTGAZ2.1 nuclear localization allows its role in gene regulation, however its unusually broad
localization pattern (Fig. 3¢, Supplementary Fig. 5) suggests that it might perform different
tasks, as has been shown for other plant transcription factors with intrinsically disordered
regions (Powers et al., 2019). TGAs also interact with different proteins present in both nuclei
and cytoplasm, including NPR cofactors (Boyle et al., 2009; Ding et al., 2018), which was

already confirmed for StTGA2.1 (Supplementary Fig. 4), glutaredoxins (Li et al., 2009), and
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calmodulins (Popescu et al., 2007). Thus, StTGA2.1 could modulate the function of these
partners by sequestering them into inactive complexes, as was proposed for AtTGA2 and

NPR1 (Fan and Dong, 2002).

Multiple functions of StTGA2.1 are supported also by the diversity of detected transcriptional
changes following exposure to pathogen infection (Table 1, Supplementary Table 3 and
Supplementary Table 5). StTGA2.1 may directly affect the activity of several transcriptional
regulators and its effects on gene expression are likely amplified by further secondary
regulation. Thus, we hypothesize StTGA2.1 is an important player in shaping the
transcriptional landscape during infection. Interestingly, our results show StTGA2.1 improves
potato immunity even in the absence of SA, even though clade 1T TGAs are known for their
regulatory role in the SA pathway (Zhang et al., 2003; Zhou and Zhang, 2020). Our results
thus indicate that the TGA mechanism of action in potato may differ substantially from that in
Arabidopsis. It is important to note that St7GA2. I overexpression in SA-deficient plants may
not reflect its function in non-transgenic potato completely, as several parts of immune
signaling are under the control of SA and are thus not fully functional in our transgenic plants.
We have, however, focused on overexpression in a SA-deficient background to check whether
resistance towards PVY can be improved. Overexpression of St7(GG42.1 in a non-transgenic
background would not result in observable phenotypic differences, because the plants are
already fully resistant to PVY. Furthermore, as we did not find St7GA2. 1 transcriptionally
regulated during PVY infection in non-transgenic plants (Supplementary Table 2,
Supplementary Table 4 and Supplementary Table 7), the preparation of knockout non-

transgenic plants is unlikely to affect plant immunity.

Several studies have evaluated the influence of clade Il TGA dominant-negative bZIP mutants
on plant immunity during bacterial infection, leading to contradictory results (Niggeweg et

al., 2000; Pontier et al., 2001; Fan and Dong, 2002). Reactive oxygen species (ROS) act as
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signaling molecules in biotic stress (Bleau and Spoel, 2021). Early ROS production is central
to plant defense and TGAs have previously been associated with cellular redox control,
physically interacting with or regulating the expression of CC-type glutaredoxins
(Ndamukong et al., 2007; Li et al., 2009; Hou et al., 2019). Furthermore, clade Il TGAs
modulate the expression of glutathione-S-transferases in ROS-processing responses to UV-B
stress (Herrera-Vasquez et al., 2021), while clade IV AtTGAs are regulated by f1g22-induced
ROS production (Noshi et al., 2016). Here we show that the synergistic activity of TGAs
regulates the expression of yet another group of enzymes involved in ROS-metabolism, the
class III peroxidases (Fig. 4b,c, Supplementary Fig. 8). Class III peroxidases are haem-
containing glycoproteins, secreted to the apoplast or localized in vacuoles (Almagro et al.,
2009). Among them, AtPRX33 and AtPRX34 proved vital for apoplastic ROS production in
response to flg22 and elf26 (Daudi et al., 2012). Most of the StPRX protein sequences from
the peroxidase functional group (Rams3ak et al., 2014) contain predicted secretory signal
peptides (Supplementary Table 6), indicating StTTGA2.1 could affect apoplastic ROS

production in plant defense.

Transcription factor cooperativity is essential in eukaryotic transcription regulation and can
arise through various mechanisms, involving protein-protein and/or protein-DNA interactions
(Morgunova and Taipale, 2017). For example, the interaction between two NPR1 proteins
bridges two AtTGA3 homodimers bound to separate DNA-binding motifs, creating a complex
with an AtTGA32-NPR12-AtTGA3; stoichiometry (Kumar et al., 2022). Previous studies have
shown that TGA mutants, impaired in DNA-binding through diverse modifications of the
bZIP domain, prevent DNA-binding of wild type homologues (Rieping, 1994; Niggeweg et
al., 2000; Pontier et al., 2001), which somewhat opposes the cooperative activation via an
StTGA2.1-StTGA2.3 complex. Compared to homodimers of its paralogues, our molecular

dynamics simulations suggest that the asymmetrical distribution of basic residues in the bZIP-
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like domain in the StTGA2.1-StTGA2.2 heterodimer significantly distorts the DNA
conformation near its binding site (Fig. 5). We hypothesize that StTGA2.1 dramatically
affects the overall conformation of the regulatory complex due to its compact molecular

architecture.

In conclusion, we show that, although mini-TGAs are not able to bind DNA on their own,
their unusual structure supports diverse functionalities, such as allowing the induction of class
III peroxidases in immune signaling. We thus provide evidence that truncation in evolution of
genes does not necessary lead to a loss-of-function phenotype. Instead, additional functions
can be attained. Through this, we shed additional perspective on immune signaling in non-

model species, as Arabidopsis does not encode such proteins.
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MATERIALS AND METHODS

In silico sequence and structural analysis

TGA transcription factor orthologues from potato were identified based on orthologue
information included in the GoMapMan database (Ramsak et al., 2014). The initial list was
further pruned based on protein sequence alignments created with Geneious Alignment in

Geneious Prime 2020.1.1 (https://www.geneious.com/) and BLAST results to exclude

technical errors of orthologue detection and sequencing. Identified StTGAs are listed in
Supplementary Table 1. Basic protein information was calculated using the ExXPASy
ProtParam tool (Gasteiger et al., 2005). Protein domain prediction was performed with
ExPASy Prosite (de Castro et al., 2006). Protein sequences of SITGAs (Hou et al., 2019;
Lemaire-Chamley et al., 2022) were retrieved from the Sol Genomics Network (Fernandez-
Pozo et al., 2015) and sequences of AtTGAs from The Arabidopsis Information Resource

(Berardini et al., 2015).

For the phylogenetic analysis, the sequences were aligned with MAFFT (Katoh and Standley,
2013), using the L-INS-I iterative refinement method, and the alignment used for a
maximum-likelihood phylogenetic tree construction in MEGA-X (Kumar et al., 2018), using
the Jones-Taylor-Thorton matrix-based model (Jones et al., 1992) and 1,000 bootstrap
repetitions. The rice OsTGA2.1 (Chern et al., 2001) protein sequence (Q7X993) was retrieved

from UniProtKB (https://www.uniprot.org/) and used as tree root. For sequence similarity

visualization, the protein sequences were aligned with Geneious Alignment in Geneious

Prime 2020.1.1 (https://www.geneious.com/). Potato peroxidases were identified with protein

sequence BLAST against the RedoxiBase database (Savelli et al., 2019) and the secretory
signal peptides were predicted with SignalP 5.0 (Almagro Armenteros et al., 2019)

(Supplementary Table 6). Predictions of transcription factor binding motifs in promoter
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sequences were performed with TRANSFAC (Matys et al., 2006) and predictions of

transcription start sites with TSSFinder (de Medeiros Oliveira et al., 2021).

Structural models of StTGA2.1, StTGA2.2, and StTGA2.3 were generated with AlphaFold
(Jumper et al., 2021). The top-ranked models were selected. The VMD (Visual Molecular
Dynamics, version 1.9.4a48) molecular visualization program was used for visual analysis

and structural alignment of protein models.

Molecular dynamics simulations

The initial homo- and heterodimeric configurations of StTGA2.1-StTGA2.2, StTGA2.2-
StTGA2.2 and StTGA2.2-StTGA2.3 N-terminal fragments were defined using the crystal
structure of CREB bZIP-CRE (PDB id: 1DH3) as template (Schumacher et al., 2000).
Corresponding amino acid changes to the template were done using the VMD psfgen plugin,
preserving the coordinates of the backbone and Cp atoms. StTGA2.1, StTGA2.2 and
StTGAZ2.3, are truncated, keeping the amino acids 1-43, 159-206, and 42-89, respectively.
The N-termini of StTGA2.2 and StTGA2.3 are capped with N-methylamide and the C-termini
of the three proteins with acetyl. For simulations of DNA-bound StTGA2.1-StTGA2.2 and
StTGA2.2-StTGA2.2, the DNA fragment from the template crystal structure was kept and the
nucleotides were modified using psfgen. The final DNA sequence corresponds to the
TGACGT motif, complementary to the linker scan 5 element and its adjacent regions of
Arabidopsis PR-1 promoter as-I-like sequence (Lebel et al., 1998) (Fig. 5¢,d). The crystal

Mg?* cation and the six coordinated water molecules were kept.

GROMACS-2020 (Abraham et al., 2015) was used to prepare inputs and run molecular
dynamics (MD) simulations. The simulation boxes were generated as an octahedron, defining
a solvation layer of 10 A minimum thickness around the molecular complex. 0.15 M NaCl

was used to establish electroneutrality. Protonation states were defined for pH 7.0. Amber
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ff99SB (Lindorff-Larsen et al., 2010) and ff14SB9 (Maier et al., 2015) were used to describe
the protein in the free and DNA-bound TGA dimers, respectively, and PARMBSC1 (Ivani et
al., 2015) was used to describe the DNA. TIP4P-D (Piana et al., 2015) or SPC (Berendsen et
al., 1981) was used to describe water molecules in the simulations of the free and DNA-bound
TGA dimers, respectively. CHARMM-formatted topology and parameter files were converted
to GROMACS input files using the VMD plugin TopoGromacs (Vermaas et al., 2016).

The MD simulations were performed on the Summit supercomputer at the Oak Ridge
Leadership Computing Facility. Energy minimization was performed for all systems with
steepest descent. Periodic electrostatic interactions were treated with the particle mesh Ewald
method (Darden et al., 1993). LINCS (Hess et al., 1997) was used to constrain bonds

involving hydrogen atoms.

Similar protocols of simulation were applied for the free and DNA-bound TGA dimers.
Preceding the classical simulations, we performed long equilibration runs of 315 ns as part of
our protocol adapted from the MD simulation-based method of structural refinement
described by Heo er al. (2021). In this protocol, potential sampling is accelerated with
hydrogen mass repartitioning and by applying fairly high temperatures. Weak position
restraint potentials were applied for minimum bias and to compensate for the high thermal
energy. Velocity Langevin dynamics was performed using a friction constant of 1 ps™'. During
the equilibration phase, position restraints applied to Co atoms in the leucine heptads were
gradually released and the temperature gradually increased, reaching the maximum of 360 K
(Supplementary Table 10). After long sampling at 340 K and 320 K, a final phase of
equilibration is conducted at 298.15 K, the temperature of the following production runs.
During the final equilibration phase, flat-bottom harmonic restraint potentials were applied,
using a force constant of 0.25 kcal/mol/A? and a flat-bottom width of 4 A. To adjust box size,

part of the equilibration phase was conducted in the NpT ensemble, using the Berendsen
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416  barostat (Berendsen et al., 1984) applying a compressibility of 4.5 x 10™ bar’! and a time

417  constant of 1.0 ps. In the final phase of equilibration, the atomic velocities were assigned from
418  a Maxwell-Boltzmann distribution using random numbers of seed. The production runs of
419  free and DNA-bound dimers consisted of five unbiased independent simulations of 128 ns
420  and 200 ns, respectively. The position restraint potential applied to Mg?* and its coordinated

421 water molecules was kept during these simulations.

422 For simulation analysis, the VMD plugin Hbonds was used to compute hydrogen bond

423 statistics. The geometric criteria adopted are a cut-off of 3.0 A for donor-acceptor distance
424 and 20 ° for acceptor-donor-H angle. In Fig. 5c,d, salt bridges and hydrogen bonds between
425  protein DNA occurring during more than 10% of the simulation time are shown. Persistent
426  contacts were identified using the VMD plugin Timeline. In Fig. Sc.d, amino acid residues
427  involved interactions or hydrophobic contacts persisting for more than 30% of the simulation

428  time are shown. Grace was used for plots (https://plasma-gate.weizmann.ac.il/Grace/).

429  Plant material

430  Potato (Solanum tuberosum L.) non-transgenic cultivar Rywal (NT) and Rywal-NahG

431 (NahQ), a transgenic line impaired in SA accumulation due to salicylate hydroxylase

432 expression (Baebler et al., 2014), were used in this study. Plants were propagated from stem
433 node tissue cultures and transferred to soil two weeks after node segmentation, where they
434 were kept in growth chambers under controlled environmental conditions at 22/20 °C with a
435  long-day (16 h) photoperiod of light (light intensity 4000 Im/m?) and 60-70% relative

436  humidity. Tobacco Nicotiana benthamiana plants were grown from seeds and kept in growth

437  chambers under the same conditions.
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DNA constructs

Full-length coding sequences (cds) of StTGA2.1 (Genbank accession number OM569617),
StTGA2.2 (Genbank accession number OM569618), StTGA2.3 (Genbank accession number
OM569619), StNPR1 (Genbank accession number OM569620) and StNPR3/4 (Genbank
accession number OM569621) were amplified from potato cultivar Rywal cDNA and inserted
into the pJET1.2/blunt cloning vector using the CloneJET PCR Cloning Kit (Thermo

Scientific, USA), following the manufacturer’s instructions.

The selected genes were subsequently cloned into pENTR D-TOPO vector using pENTR™
Directional TOPO® Cloning Kit (Invitrogen, USA) and recombined through LR reaction
using the Gateway® LR Clonase TM 1l Enzyme Mix (Invitrogen, USA) into several Gateway
destination vectors (VIB, Belgium). For co-immunoprecipitation experiments, localization
studies and transactivation assays, the StTGA2.1, StTGA2.2 and StTGA2.3 cds were inserted
into pH7FWG2 and pJCV52 expression vectors (Karimi et al., 2002) to produce proteins with
C-terminal enhanced green fluorescent protein (GFP) and hemagglutinin A (HA) fusions,
respectively. For transactivation assays, StTGA2.3 was fused with a C-terminal mTagBFP2
(from Addgene plasmid # 102638) (Stark et al., 2018) blue fluorescent protein (BFP) prior to
cloning into pENTR D-TOPO vector (Invitrogen, USA) and subsequently recombined into
the pK7WG2 vector (Karimi et al., 2002). A short linker of six Gly residues was introduced
between the StTGA2.3 and BFP sequence. BFP fused with an N7 nuclear localization signal
(Ghareeb et al., 2016) (N7-BFP) was recombined into pK7WG2 (Karimi et al., 2002) as

control.

For overexpression experiments, the StTGA2.1 cds was amplified with primers harboring
Xhol and Spel restriction enzyme cleavage sites and inserted into the pTA7002 vector
(Aoyama and Chua, 1997), enabling glucocorticoid-inducible gene expression in planta,

through restriction-ligation cloning.
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For the yeast two-hybrid assays, the cds of StTGA2.1, StTGA2.2, StTGA2.3, StNPR1 and
StNPR374 were amplified and inserted into the pGBKT7 (bait) yeast expression vector
through in vivo cloning with Matchmaker Gold Yeast Two-Hybrid System (Clontech, USA),
to produce proteins with an N-terminal Gal4 DNA-binding domain. StTGA2.1, StNPR1 and
StNPR3/4 were inserted also into the pGADT?7 (prey) vector (Clontech, USA), to produce

proteins with an N-terminal Gal4 activation domain, using the same cloning system.

Promoter sequences of StPRX07 (Genbank accession number OM569622), StPRX15
(Genbank accession number OM569623) and StPRX46 (Genbank accession number
OM569624) were amplified from potato cultivar Rywal genomic DNA and inserted into the
pENTR D-TOPO vector (Invitrogen, USA). The StPRX(7 promoter sequence was
subsequently recombined through LR reaction into the pGWB435 Gateway vector (Nakagawa
et al., 2007), as described above, inserting the promoter upstream of a luciferase reporter

(LuckF).

For recombinant protein production, the StTGA2.1 cds was inserted into the pMCSG7
bacterial expression vector (Eschenfeldt et al., 2009) by ligation-independent cloning
(Aslanidis and Jong, 1990) to produce a protein with an N-terminal hexahistidine (Hiss) tag.
The cds of StTGA2.3 was amplified using primers, enabling the digestion-ligation reaction
with the Bsal restriction enzyme. Three silent mutations were introduced into its sequence, to
remove two native Bsal restriction sites. The amplified fragment was subsequently ligated
into the pEPQDOKNO0025 acceptor backbone (Addgene plasmid #162283) (Dudley et al.,
2021), together with pEPQDOCMO0030 (Addgene plasmid #162312) (Dudley et al., 2021),

which adds an additional GS peptide to the protein C-terminus.
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All primer pairs used in the cloning procedure are listed in Supplementary Table 11.
Sequence verification was performed with Sanger sequencing (Eurofins Genomics,

Germany).

Transient expression assays

Homemade electrocompetent Agrobacterium tumefaciens GV3101 cells were transformed
with prepared constructs by electroporation. Transformants were used for agroinfiltration of
the bottom three fully developed leaves of 3-4 week old N. benthamiana plants, as described
previously (Lazar et al., 2014). In cases of co-transformation with agrobacteria carrying
different constructs, the 1:1 ratio was applied. An equal volume of agrobacteria carrying p/9
silencing suppressor (kindly provided by prof. Jacek Hennig, PAS, Poland) was added to the

mixture. Agrobacteria carrying pl9 only were used as controls.

Confocal microscopy

Protein fluorescence was visualized three to five days after transient N. benthamiana
transformation. For protein localization, the Leica TCS SP5 laser scanning confocal
microscope mounted on a Leica DMI 6000 CS inverted microscope with an HC PL
FLUOTAR 10x objective or HCX PL APO lambda blue 63.0x1.40 oil-immersion objective
(Leica Microsystems, Germany) was used, using the settings described previously (Lukan et
al., 2018b). The red Histone 2B-mRFP1 (H2B-RFP) nuclear marker (Federici et al., 2012)
was used to visualize cell nuclei. For co-immunoprecipitation and transactivation assays, the
protein fluorescence was confirmed with the Leica TCS LSI macroscope with Plan APO 5x
and 20x objectives (Leica Microsystems, Germany), using the settings described previously
(Lukan et al., 2018a). The green, blue or red fluorescent protein fluorescence was excited
using 488 nm, 405 nm and 543 nm laser lines, respectively. The emission was measured in

the window of 505-520 nm for GFP, 450-465 nm for BFP, 570-630 nm for H2B-RFP and
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509  690-750 nm for autofluorescence. The Leica LAS AF Lite software (Leica Microsystems,

510  Germany) was used for image processing.
511  Yeast two-hybrid assay

512  Bait (containing St7GA2. 1, StTGA2.2, StTGA2.3, SINPRI or S(NPR3/4 cds), and prey

513  (containing St7GA2.1, StNPRI or StNPR3/4 cds) construct combinations were transformed
514  into the Y2H Gold strain using the Matchmaker Gold Yeast Two-Hybrid System (Clontech,
515  USA) and the transformants selected on control SD media without Leu and Trp (-L-W).

516 Interactions were analyzed on selection SD media without Leu, Trp, His and adenine, with
517  added X-o-Gal and Aureobasidin A (-L-W-H-A+Xgal+Aur). The proteins were tested for
518  autoactivation through co-transformation of bait constructs with an empty prey vector. To
519  evaluate the strength of interaction, saturated yeast culture dilutions (107", 102 and 10°) were
520  spotted onto selection media. To evaluate the effect of SA on the strength of interaction, the

521  dilutions were spotted onto selection media containing 0.1 mM or 1.0 mM SA.
522  Co-immunoprecipitation assay

523  HA or GFP-tagged StTGA2.1, StTGA2.2 and StTGA2.3 were transiently expressed in N.
524  benthamiana leaves in different combinations. The empty pB7WGF2 vector (Karimi et al.,
525  2002), expressing the GFP protein, was used as control. The fluorescence of GFP and GFP-
526  tagged proteins was confirmed with confocal microscopy after 4 days. Total proteins were
527  extracted from ~500 mg leaf material with immunoprecipitation (IP) buffer, containing 10
528 mM Tris-HCL, pH 7.5, 150 mM NaCl, 2 mM MgCl,, 1 mM dithiothreitol and 1x EDTA-free
529  Protease Inhibitor Cocktail (Roche, Switzerland), followed by 1 h incubation with GFP-

530 Trap® Magnetic Agarose beads (ChromoTek, Germany) at 4 °C. The beads were washed
531  three times with IP buffer and eluted into SDS-PAGE loading buffer, containing 100 mM

532 Tris-HCL, pH 6.8, 4% (w/v) SDS, 0.2% bromophenol blue, 20% (v/v) glycerol and 200 mM
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dithiothreitol. The immunoprecipitated proteins and protein extracts were analyzed by SDS-
PAGE and Western blot, using anti-GFP (diluted 1:3.000 or 1: 5.000, Invitrogen, USA) and

anti-HA (diluted 1:1.000, ChromoTek, Germany) antibodies.
Generation of StTGA2.1 overexpression plants

Transgenic NahG-TGAZ2.1 plants were obtained by stable transformation of the Rywal-NahG
potato genotype (Baebler et al., 2014). Electrocompetent 4. tumefaciens strain LBA4404 was
electroporated with the pTA7002 vector (Aoyama and Chua, 1997) carrying the St7GA2.1
cds, as described above. Agrobacteria were used for stable transformation of sterile plantlet
stem internodes from tissue culture, as described previously (Lukan et al., 2022). Plantlets
grown on regeneration media plates with hygromycin selection were sub-cultured in order to
generate independent transgenic lines. Transgenic lines were confirmed with PCR

(Supplementary Table 11). Lines 7, 12 and 13 were selected for further analysis.
Virus inoculation and plant treatments

Three to four weeks old potato plants were inoculated with GFP-tagged infectious PVY
clones PVYNY_GFP (Rupar et al., 2015) or PVY™N%%3(123)-GFP (Lukan et al., 2022) or mock
inoculum, as described previously (Baebler et al., 2009). To induce gene overexpression,
plants were treated with dexamethasone (DEX) foliar spray solution containing 30 uM DEX
and 0.01 % (v/v) Tween-20 or control spray solution without DEX (control), 3 h prior to virus

inoculation, 3 h after virus inoculation and every day post inoculation until sampling.

Gene expression analysis with qPCR

For gene expression analysis, total RNA isolation, reverse transcription and qPCR were
performed as described previously (Baebler et al., 2014). DEX-induced SiTGA2.1
overexpression in fully developed leaves of TGA2.1-NahG transgenic lines was confirmed 3

h after DEX treatment using a qPCR assay targeting St7GA2.1 cds. The leaves of three DEX-
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treated plants and two or three non-treated plants were sampled, one leaf per plant. For PVY
abundance analysis, PVY-infected leaves of DEX-treated TGA2.1-NahG, NahG and NT
genotypes were sampled at 3, 5 and 7 dpi or 3, 7 and 10 dpi. For each genotype and treatment,
three plants were analyzed, sampling one leaf per plant per dpi. PVY abundance and
StTGA2.1 expression were quantified using two sample dilutions and a relative standard curve
method by normalization to the endogenous control Si«COX! with quantGenius

(http://quantgenius.nib.si) (Baebler et al., 2017). A two-tailed /-test was used to compare

treatments, when applicable. The qPCR analysis was performed for both TGA2.1-NahG

transgenic lines.

RNA sequencing results were validated technically and biologically with qPCR, as described
above. For technical validation, the expression of StACX3, StCS, StPti5, StPRX28 and
StTGA2.1 was followed. Biological validation was performed in an independent experiment
repetition with both TGA2.1-NahG transgenic lines and following gene expression of
StPRX07, StPRX15, StPRX46, StITGA2.1 and PVY. StCOX] and StEF-1 were used for
normalization in both cases, as described above. A two-tailed ¢-test was used to compare

treatments, when applicable.

All primers and probes used for qPCR analysis together with the target gene IDs are listed in
Supplementary Table 12. New qPCR assays, targeting StPRX07, StPRX15, StPRX46,
StTGA2.1 and StPti5 were designed with Primer Express v2.0 (Applied Biosystems, USA),
using the sequences from the potato reference genome (Xu et al., 2011), cultivar Rywal cds,

and cultivar Rywal and cultivar Désirée reference transcriptomes (Petek et al., 2020).
RNA sequencing analysis
For RNA sequencing, 2-25 early visible lesions and their immediate surroundings were

sampled from PVY-inoculated leaves of DEX-treated TGA2.1-NahG, NahG and NT plants
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and control-treated TGA2.1-NahG plants at 4 dpi, as described previously (Lukan et al.,
2020). About 20-30 sections of comparable size were sampled from mock-inoculated leaves
as controls. Three plants per genotype per treatment were analyzed, pooling together all
lesions or mock-sections from one leaf per plant. Total RNA was isolated as described
previously (Lukan et al., 2020). Strand-specific library preparation and sequencing were
performed by Novogene (HongKong), using the NovaSeq platform (Illumina) to generate
150-bp paired-end reads. Read quality control was performed using FastQC (Andrews, 2010).
The presence of contaminant organism reads was determined using Centrifuge (Kim et al.,
2016). Reads were mapped to the reference group Phureja DM1-3 potato genome v4.04 (Xu
et al., 2011) using the merged PGSC and ITAG genome annotation (Petek et al., 2020) and
counted using STAR (Dobin et al., 2013) with default parameters. Differential expression
analysis was performed in R using the limma package (Smyth et al., 2018). Raw and
normalized read counts as well as a processed data table were deposited at GEO under
accession number GSE196078. Genes with Benjamini-Hochberg FDR adjusted p-values <
0.05 and |log2FC| < —1 were considered statistically significantly differentially expressed. The
Venn diagram was drawn, according to results obtained with the Gene List Venn Diagram

tool (http://genevenn.sourceforge.net/).

Gene Set Enrichment Analysis (Subramanian et al., 2005) was performed using non-filtered
normalized counts to search for regulated processes and functionally related gene groups,
altered significantly by virus inoculation in different genotypes (FDR corrected g-value <

0.05) using MapMan ontology (Ramsak et al., 2014) as the source of gene groups.

Targeted genomic sequencing
Genomic DNA was isolated from potato cultivar Rywal leaves using the DNeasy Plant Mini
Kit (Qiagen, Germany). Two sets of primers were designed to target the region of interest

(Supplementary Fig. 1a, Supplementary Table 13). Droplet-based PCR-free target region
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enrichment, library preparation using the SQK-LSK109 kit (Oxford Nanopore Technologies,
United Kingdom) and long-read sequencing on the MinION platform using the R9.4.1-type
flow cell was performed by Samplix (Denmark). Nanopore read basecalling was performed
using Guppy 4.2.2. The reads were error corrected with NECAT (Chen et al., 2021) setting
GENOME_SIZE=100000000 and PREP_OUTPUT_COVERAGE=20000. Chimeric reads
were split using Pacasus (Warris et al., 2018) and all reads designated as “passed” were
mapped to the group Phureja DM1-3 potato genome v6.1 (Pham et al., 2020) using Minimap2
(Li, 2018). The obtained BAM file was indexed and sorted using SAMtools (Danecek et al.,

2021). Raw Nanopore reads were deposited at SRA under accession number PRINA803339.

Transactivation assay

GFP-tagged StTGA2.1, BFP-tagged StTGA2.3 and their combination were transiently
expressed in N. benthamiana leaves, with N7-BFP and either a GFP-tagged SNF-related
serine/threonine-protein kinase (StSAPKS8) or an empty pH7FWG?2 vector (Karimi et al.,
2002) as controls. Protein fluorescence was confirmed with confocal microscopy after 3-5
days. The transactivation assays were performed as described previously (Lasierra and Prat,
2018). In brief, 0.5-cm-diameter leaf discs were sampled at 4 dpi and pre-incubated in MS
liquid media with 35 pM D-luciferin substrate for 4 hours before analysis. Luminescence was
measured in 10 min intervals with Centro LB963 Luminometer (Berthold Technologies,
Germany). Seventeen to 18 leaf discs per construct combination were analyzed. The

experiment was repeated twice.
Protein production, purification, characterization and antibody preparation

For recombinant production of His¢-tagged StTGA2.1, Escherichia coli BL21(DE3) cells
were transformed with the pMCSG?7 vector (Eschenfeldt et al., 2009) carrying the St7GA2.1

cds, grown overnight and subsequently transferred to the liquid auto-induction media
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(Studier, 2005), where they were incubated for 4 h at 37 °C and further 20 h at 20 °C to
produce the protein. Cells were harvested by centrifugation, lysed and the protein purified by
nickel affinity chromatography using the His-Trap HP column coupled with size-exclusion
chromatography (SEC) using the HiPrep 26/60 Sephacryl S-200 column (GE Healthcare Life
Sciences, UK). The protein was eluted into a buffer containing 30 mM Tris, pH 7.5, and 400
mM NaCl, and used for rabbit polyclonal anti-StTGA2.1 antibody preparation, provided by

GenScript (USA).

The protein oligomeric state was determined based on SEC elution volume and Gel Filtration
LWM Calibration Kit (standard sizes: conalbumin 75 kDa, ovalbumin 44 kDa, carbonic
anhydrase 29 kDa, ribonuclease A 13.7 kDa and aprotinin 6.5 kDa, GE Healthcare, USA).
Additionally, the Hisg¢-tag was removed by Hiss-tagged TEV protease cleavage and a
secondary nickel affinity chromatography followed by an additional SEC, as well as an anion-
exchange chromatography purification step. Chemical crosslinking was performed after Hise-
tag removal, for which the protein buffer was exchanged to 30 mM Hepes, pH 7.5, 400 mM
NaCl using ultrafiltration with Amicon Ultra centrifugal filter units (Merck, Germany). The
reaction was performed using the BS® crosslinker according to the manufacturer’s instructions

(Thermo Scientific, USA) and the protein oligomeric state evaluated by SDS-PAGE.

The E. coli cell-free protein synthesis (CFPS) was used for the production of StTGA2.3. All
CFPS reactions (total volume 30 or 75 pul) were performed as described previously (Dudley
et al., 2021), with 20-24h incubation at 16, 20 or 25 °C. Either the empty pEPQDOKNO0025
vector (Addgene plasmid #162283) (Dudley et al., 2021) or water was added to the reagent
mixture to prepare a CFPS components reference. Proteins were detected by SDS-PAGE and
Western blot, using anti-StTGA2.1 antibodies (diluted 1:4.000, GenScript, USA).

Additionally, the protein identity was confirmed with mass spectrometry, performed at the
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Department of Biochemistry and Molecular and Structural Biology at the Jozef Stefan

Institute (Slovenia).

Surface plasmon resonance

Surface plasmon resonance measurements were performed on Biacore T200 (GE Healtheare,
USA) at 25 °C at the Infrastructural Centre for Analysis of Molecular Interactions, University
of Ljubljana (Slovenia). To prepare the DNA, the PRX07p 1, PRX07p 2, PRX15p 1 and
PRX46p complementary primers (Integrated DNA Technologies, Belgium, Supplementary
Table 14) were mixed in a 2:3 molar ratio (long:short primers) and annealed by cooling the
mixturcs from 95 °C to 4 °C. The resulting DNA fragments carried the selected 20 bp
promoter regions with a 13-nucleotide overhang that allowed hybridization with the
complementary biotinylated S1 primer (Caveney et al.. 2019), immobilized on the
streptavidin sensor chip (GE Healthcare, USA). StTGA?2.3, either alone or premixed with
StTGA2.1, protcin-DNA binding experiments were performed in a running bufter containing
25 mM Tris, pH 7.4, 140 mM NaCl, 1 mM MgCls and 0.005% P20. For St{TGA2.1 DNA
binding assays, the running buffer contained 180 mM instead of 140 mM NaCl. Flow cell 1
was uscd as a reference and the DNA fragments were injected across the flow cell 2 at a flow

rate of 5 uL/min to immobilize 42-105 response units.

A Kinetic titration approach was used to study the interactions between the CFPS-produced
StTGA?2.3 protein, the CI'PS components reference that lacked StT'GAZ2.3 or the Hiss-tagged
StTGA2.1 (18.75, 37.5, 75, 150, or 300 nM) and the DNA fragments. The highest
concentration of total protein (264 pg/mL) and four sequential 1.5-fold dilutions were used
for the CIFPS-produced StTGA2.3 and the CFPS components reference. The proteins were
injected across DNA at five concentrations, with no dissociation time between protein
injections, at a flow rate of 30 uL/min. We used the multi cycle kinetics approach to study the
interaction between StTGA2.1 (300 nM) premixed with CFPS-produced StTGA2.3 (total
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682
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protein concentration of 130 pg/mL) with DNA fragments PRX07p 1, PRX07p 2 or
PRX15p_1. The proteins were injected over DNA at a flow rate of 30 ul./min with an

association time of 120 s and followed by dissociation for 300 s.

Regeneration of the sensor surface was performed with 50 mM NaOH solution for 10 s and
300 mM NaCl for 10 s at a flow rate of 30 uLL/min. The sensorgrams for the StTGA2.3 and/or
the StTGA?2.1 proteins were double subtracted for the response of the reference flow cell 1

and for the response of the CFPS components reference or of the running buffer, respectively.
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711  TABLES

712 Table 1. Selected functional groups (BINs) enriched in up- or down-regulated genes in
713 TGA2.1-NahG, NahG and NT plants after PVY infection. FDR corrected g-value < 0.05.

714 (+), enriched in up-regulated genes; (—}, enriched in down regulated genes.

BIN Functional group Size TGA21-NahG  NahG NT
Secondary metabolism
16.1.2 mevalonate pathway 47 n
16.1.5 terpencids 155 +
16.10 simple phenals 38 +
Hormone metabolism
17.1.3 abscisic acid-regulated 32 - —
17.2 auxin 251 _ _
17.2.3 auxin-regulated 287 - -
17.4.1 cytokinin 85 _ _
17.7 jasmanate 54 + +
17.8 salicylic acid 22 +
Stress — biotic
201.7 PR proteins 208 + + +
20171 PR-1 33 "
20.1.7.3 PR-3/PR-4/PR-8/PR-11 44 ¥ ¥ +
Miscellaneous
26.12 peroxidases 139 +
26.21 protease inhibitor/seed storage/lipid transfer proteins 117 -
Transcription regulation
27.3.32 WRKY transcription facters 97 + +
27.3.62 PHD finger transcription factors 49 +
27.3.64 PHOR1 transcription factors 21 +
27.3.8 C2C2(Zn) DOF transcription factors 41 -
DNA synthesis — chrematin structure
2813 histene 83 ¥ - .
28132 histone core 76 + + +
28.1.321 histone core H2A proteins 26 + +
28.1.3.2.3 histone core H3 proteins 20 + + +
Protein degradation
29.5.11.20 ubiquitin-proteasome 73 + +
Signaling — receptor kinases
30.2.8.1 leucine-rich repeat VIl (type 1} 20 -
30.2.16 Catharanthus roseus-like RLK1 79 +
30217 DUF28 94 N
30.2.19 legume-lectin 38 + .
30.2.99 miscellaneous 206 + 4
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FIGURE LEGENDS

Fig. 1. Phylogenetic analysis and domain characterization of StTGAs. a, A rooted
phylogenetic tree of potato, tomato and Arabidopsis TGAs. The mini-TGA branch is shaded
in orange and StTGA2.1 is marked (arrow). The branch length scale represents the number of
amino acid substitutions per site. The rice OSTGA2.1 (Chern et al., 2001) serves as tree root.
b, Protein sequence alignment of clade Il TGAs, showing the position of the bZIP domain
(orange box) and the shorter sequences of mini-TGA members, StTGA2.1, StTGA2.4 and

SITGA2.3. The alignment is colored with the Geneious Prime (https://www.geneious.com/)

sequence similarity color scheme, based on the identity score matrix. Sequence numbering

(aa) is shown above the alignment.

Fig. 2. StTGA2.1 attenuates PVY replication in salicylic acid-deficient plants. Relative
expression levels of a, PVY and b, St7GA2.1 in PVY-infected leaves of dexamethasone
(DEX)-treated TGA2.1-NahG line 12 (white), NahG (light grey) and NT (dark grey) plants at
3, 7 and 10 days post infection (dpi). Average values * standard error from three biological
replicates are shown. Significance was determined using a two-tailed ¢-test comparing
TGA2.1-NahG with NahG (p;) and TGA2.1-NahG with NT (p2). ¢, Phenotypic differences in

PVY-infected leaves of DEX-treated TGA2.1-NahG line 12, NahG and NT plants at 10 dpi.

Fig. 3. StTGA2.1 can form homodimers, heterodimers and localizes to diverse cellular
compartments. a, StTGA2.1 interactions with itself, StTGA2.2, or StTGA2.3 in the yeast
two-hybrid assay. Yeast were co-transformed with bait (BD) and prey (AD) construct
combinations and selected on control media without Leu and Trp (-L-W). Positive
interactions were determined by yeast growth on selection media without Leu, Trp, His and
adenine, with added X-o-galactosidase and Aureobasidin A (-L-W-H-A+Xgal+Aur). b,
StTGA2.1 interactions with itself, StTGA2.2, or StTGA2.3 in the co-immunoprecipitation
assay. The combination of GFP and HA-tagged proteins expressed in N. benthamiana is
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indicated for each sample (+/-). Positive interactions were determined by detection of
immunoprecipitated (GFP-IP) complexes with anti-HA antibodies. Arrows indicate expected
bands. In case of HA-tagged StTGA2.3 two bands were detected, likely due to partial protein
degradation. Controls are shown in Supplementary Fig. 3. ¢, Subcellular localization of GFP-
tagged StTGA2.1, StTGA2.2 and StTGA2.3 (yellow) with H2B-RFP nuclear marker (red) in
N. benthamiana leaves. The p19 silencing suppressor was expressed as control. Protein
fluorescence is represented as the z-stack maximum projection. Arrows indicate examples of

StTGA2.1 nuclear localization. Scale bars, 100 pm.

Fig. 4. StTGAZ2.1, together with its interactor StTGA2.3, activates expression of
StPRX07. a, TGA-binding motifs in selected StPRX promoters. The predicted motifs are
boxed and the nucleotides, differing from the core TGACG(T) sequence, its reverse
complement or the TGACGTCA palindrome, are underlined. Numbers indicate position
upstream of transcription start site. b, Surface plasmon resonance results, showing the
interaction between StTGA2.3 and chip-immobilized PRX15p 1, PRX46p, PRX07p 1 or
PRX07p_2 DNA fragments, bound to the chip at ~38, 41, 65, or 53 response units (RU),
respectively. Representative sensorgrams are shown. ¢, Transactivation assay results, showing
in planta StPRX07 promoter activation by GFP-tagged StTGA2.1 (light orange), BFP-tagged
StTGA2.3 (dark orange) or a combination of both (black). BFP or GFP-tagged controls and
their combination (control) were used to detect the basal promoter activity (grey). Average
values + standard error of 18 biological replicates in the first 10 h of measurement are shown.
Significance was determined using a two-tailed t-test and is shown below the response curve
for GFP-tagged StTGA2.1 (light orange), BFP-tagged StTGA2.3 (dark orange) or a
combination of both (black) compared with control. The experiment was repeated twice with

similar results (Supplementary Fig. 8c).
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Fig. 5. Comparative structural analysis and simulations of StTGA2.1 N-terminus
interactions with StTGA2.2 and StTGA2.3 bZIP domains. a, Protein sequence alignment
of StTGA2.1 N-terminus with AtTGA2, StTGA2.2 and StTGA2.3 bZIP domains. The basic
region (orange box) and the leucine zipper heptads (grey dashed boxes) are indicated.
Conserved amino acids, in respect to the consensus sequence, are marked with dots.
StTGA2.1 contains hydrophobic residues (Val31 and Phe38) in two out of three Leu positions
in the heptads (grey) and has a completely conserved third heptad. b, Molecular architectures
of StTGA2.1 (orange) and StTGA2.3 (green). The StTGA2.3 bZIP domain (aa 40-95), and
StTGA2.1 N-terminus (aa 1-45) are shown. The C-terminal region is highly conserved
between StTGA2.1 (aa 47-240), StTGA2.2 (aa 222-446), and StTGA2.3 (aa 105-327). Amino
acid residues that are discussed in this study are represented as liquorice and labelled. Those
forming persistent contacts in the leucine zipper, according to molecular dynamics (MD)
simulations, are shown in bold. Basic amino acid residues that may contribute to DNA-
binding are depicted and labelled. Fully non-conservative substitution sites in the putative
DOG1 domains are also represented as liquorice. ¢, Representative snapshot of the MD
simulations of the DNA-bound StTGA2.2 homodimer and d, StTGA2.2-StTGA2.1
heterodimer. The DNA double helix is represented in violet. The DNA sequence is shown at
the bottom and the binding site core is underlined. A dot is used as a reference at the center of
the sequence for numbering the nucleotide residues. StTGA2.1 (orange) and StTGA2.2 (cyan)
are represented as cartoon. Salt bridges and hydrogen bonds between protein and DNA are
indicated with black dashed lines. Hydrophobic contacts are indicated as dotted lines. Amino
acid residues forming persistent interactions are labelled in bold. The presence of a
hexacoordinated Mg?" was assumed (yellow sphere), based on its importance for CREB-bZIP

(Moll et al., 2002).
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Chapter 3

Discussion

3.1 Approaches for Studying Grapevine-Phytoplasma

Interactions

A thorough analysis of disease pathogenesis requires the use of various approaches, and the
challenges of adapting the available methodology for studying a particular plant species
can pose a considerable drawback. Grapevine is among the more demanding species to
study. As a relatively large perennial woody plant, it requires a long juvenile period before
reaching the adult phase and is difficult to grow in controlled conditions (Chaib et al.,
2010). Furthermore, its tissues are rich in secondary metabolites, such as polysaccharides
and polyphenols, which can interfere with different experimental procedures (Gambino,
Perrone, & Gribaudo, 2008).

To investigate the processes underlying ' Ca. P. solani' infection of grapevine, we focused
on implementing a transcriptomics approach in our first publication, which included RNA
and sRNA sequencing. Careful sample preparation and isolation of high-quality RNA are
essential for downstream transcriptomic analyses. As we wanted to study primarily the
phytoplasma-inhabited phloem sieve tissue, our samples consisted of excised leaf veins,
presenting an additionally difficult tissue in comparison to whole leaves. We encountered
difficulties in isolating total RNA from grapevine leaf veins using established guanidine
isothiocyanate-based methods, commercial RNA isolation kits, or their adaptations in
combination with additional purification on Zymo Spin columns. Even though similar
approaches are used for total RNA isolation from grapevine leaves for RNA sequencing
(Guan et al., 2018; Haider et al., 2017; Hily et al., 2018), our test experiments resulted in
low or inconsistent RNA concentrations, low RNA integrity and/or purity. The high
content of phenolic compounds and polysaccharides, which can bind nucleic acids and
hinder purification (Carra, Gambino, & Schubert, 2007; Salzman, Fujita, Zhu-Salzman,
Hasegawa, & Bressan, 1999), are likely the causes of these problems. We optimized the
isolation procedure by implementing a cetyltrimethylammonium bromide (CTAB)-based
protocol, which was initially optimized for RNA isolation from pine trees (Chang, Puryear,
& Cairney, 1993). CTAB has proven to be effective in RNA isolation from difficult tissues,
including mature canes and wood, and its adaptation yielded better results than other
protocols, according to Gambino et al. (2008). We combined a modified version of the
beginning steps of the CTAB-based protocol by Carra et al. (2007), which has also been
adapted for the isolation of sRNAs, with additional RNA purification on Zymo Spin
columns, as described in our first publication. Using our optimized approach, we were able
to isolate high-quality total RNA, including sRNAs, in high amounts with consistent
concentrations and high integrity. In addition, our optimized version could be completed
in three hours, instead of six or more, drastically shortening the time required for isolation.
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The transcriptomic data obtained revealed important differences in transcriptional
regulation and sRNA levels prior to symptom development and in the symptomatic phase
of infection. Our approach allowed us to identify novel genes associated with 'Ca. P. solani'
infection, providing the basis for further experiments. We obtained new data on
phytoplasma-induced hormonal signaling pathways at different time points of infection.
Moreover, our method has become established in our laboratory and is already being used
for other analyses.

High-throughput methodologies provide a comprehensive overview of the dynamic
changes inside the cell and are also usually the first step in identifying specific targets for
further analyses. In our second publication, we identified several putative 'Ca. P. solani'
effector proteins using in silico analyses and investigated their function. We used a
proteomics approach to screen for protein targets of the candidate 'Ca. P. solani' effector
PoSTOSP28, which is sequentially identical to a previously reported stolbur antigenic
membrane protein (StAMP). This 16 kDa protein was previously described as a membrane-
bound antigen, presented on the phytoplasma outside membrane surface (Fabre, Danet, &
Foissac, 2011); however, some AMP proteins are also cleaved from the membrane surface
(Barbara, Morton, Clark, & Davies, 2002). In contrast to many other bacterial pathogens,
phytoplasma are cell wall-less and reside inside host cells, so their membrane or secreted
proteins can interact with intracellular plant proteins, possibly affecting their function.
Using protein pull-down coupled with mass spectrometry (MS), we identified 58 protein
groups from tobacco (Nicotiana benthamiana) as potential PoSTOSP28 interactors. Many
of them encompassed proteins highly abundant in plant tissues, such as ribosomal subunits
and components of the photosynthetic machinery, which we likely detected also due to
their high concentrations in the sample. It is important to note that many parameters,
such as plant growing conditions, leaf maturity, and extraction buffer composition, could
affect the selection of proteins available for interaction. For example, the use of reducing
agents in the extraction buffer may affect interactions between PoSTOSP28 and redox-
sensitive proteins. Moreover, we performed the experiment by transiently expressing
PoSTOSP28 in tobacco leaves, which likely have a different protein composition than the
grapevine phloem tissue, where the phytoplasma reside.

Interaction confirmation was therefore important not only to rule out false positives
and technical errors, but also to account for species-specific differences. We used an in
planta co-immunoprecipitation assay to confirm the interactions between PoSTOSP28 and
grapevine orthologues of selected tobacco proteins identified by MS. Our results showed
positive interaction between PoSTOSP28 and two grapevine phosphoglucomutases
(VvPGM). Phosphoglucomutases are involved in sugar metabolism; specifically, they
catalyze the conversion of glucose 1-phosphate and glucose 6-phosphate, and reducing PGM
activity leads to impaired growth and development, as well as metabolic changes in
Arabidopsis (Malinova et al., 2014). Our enzyme activity assays revealed that PoOSTOSP28,
as well as the candidate effector PoSTOSP18, increased phosphoglucomutase activity in
tobacco, indicating the mechanism through which 'Ca. P. solani' may influence host
carbohydrate metabolism. The bands for both VvPGMs detected in Western blot traveled
substantially slower than expected for their calculated protein sizes of about 70 kDa and
corresponded to proteins closer to 100 kDa in size. This could be due to post-translational
modifications or their intrinsic protein charge, which can affect the travel speed in sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). On the other hand, we
could not confirm the interaction of PoSTOSP28 with two of the selected proteins identified
by MS, i.e., the grapevine fructose-bisphosphate aldolase and geranylgeranyl diphosphate
reductase enzymes (Appendix A, Figure A.l). Since we could detect the fructose-
bisphosphate aldolase in the protein extract, we postulate that the interaction was either
falsely detected in MS, this protein is not the correct grapevine orthologue of the detected
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tobacco fructose-bisphosphate aldolase, or this orthologue contains species-specific
structural differences, which prevent interaction. In the case of the geranylgeranyl
diphosphate reductase, the absence of interaction could also be due to low protein levels in
tobacco leaves, as we could not detect its presence in the extract.

Overall, we were able to optimize and apply several established approaches to study
plant processes involved in grapevine-phytoplasma interactions, including RNA isolation,
protein pull-down, and co-immunoprecipitation assays, thus confirming our first
hypothesis. We were also able to show that the putative effector PoOSTOSP28 interacts
with two VvPGMs, identifying new interactors of phytoplasma effector proteins and
confirming our second hypothesis.

3.2 TGA Transcription Factors in Potato Immune Response

In the second part, we continue our investigation of plant protein function by studying the
TGA transcription factors and their role in potato immune response. TGAs are a relatively
small group of plant-specific proteins that have been recognized for their role in SA-
mediated transcriptional regulation in plant immunity (Gatz, 2013). Most known TGAs
consist of three complete protein parts, the N-terminus, the bZIP DNA-binding domain,
and the C-terminus with a putative Delay of Germination 1 (DOG1) domain, each of them
performing different tasks. The TGA structural specifics contribute to the functional
variability of different TGAs, which we discuss in our third publication, a review on TGA
structural-functional features in Arabidopsis and tobacco.

Interestingly, some plant species contain TGA proteins with substantially shorter
sequences, as we have shown in the case of potato TGAs, which we study in our fourth
publication. Among the fourteen identified StTGAs, two of them, StTGA2.1 and
StTGA2.4, had exceptionally short N-termini and lacked most of their bZIP domain. A
similar TGA protein, an orthologue of StTGA2.1 and StTGA2.4, was also identified in
tomato (Hou et al., 2019; Lemaire-Chamley et al., 2022), and we referred to this particular
protein type as mini-TGAs. Both mini-TGA genes reside immediately downstream of the
StTGA2.2 in the potato genome, indicating they are likely a result of tandem gene
duplications, events that are highly frequent in plants and common for plant transcription
factors (Panchy, Lehti-Shiu, & Shiu, 2016). Mini-TGAs are not found in Arabidopsis but
were reported in strawberry (Feng, Cheng, & Zheng, 2020). Yet another type of TGAs,
called TGA-related proteins, which retain only the DOG1 domain with an extension to
their C-termini, are found in moss Physcomitrella patens and lycophyte Selaginella
moellendorffii (Nishiyama, Nonogaki, Yamazaki, Nonogaki, & Ohshima, 2021). Another
TGA-related protein, with the DOG1 domain and an N-terminal extension, was found in
the algae Klebsormidium nitens (Nishiyama et al., 2021) and might be evolutionary related
to mini-TGAs. TGAs are often identified based on their bZIP domain, which could prevent
the identification of mini-TGAs. It would be interesting to see how common they are in
other plant species.

Unlike Arabidopsis, which has three clade II TGA (AtTGA2, AtTGA5, and AtTGAG)
members, potato clade II has five TGAs (StTGA2.1, StTGA2.2, StTGA2.3, StTGA2.4,
and Sotub11g020650) with substantial differences in sequence and length, especially in the
N-terminal region. Only StTGA2.3 and Sotub!19020650 have N-termini of similar length
to clade IT AtTGAs. In addition to the extremely short N-termini of mini-TGAs, StTGA2.2
has an exceptionally long N-terminus, which is characteristic for Arabidopsis clade IV and
V members (Gatz, 2013). These structural specifics denote distinct functionalities of clade
IT StTGAs in comparison to AtTGA, which we further demonstrate through the functional
characterization of StTGA2.1. Our results reveal the previously unknown role of mini-
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TGAs in the regulation of gene expression and show that they are likely multifunctional
and perform other tasks outside the nucleus. One of them could be the modulation of TGA-
interacting proteins in the cytoplasm. We show that StTGA2.1 interacts with potato
StNPR1 and StNPR3/4 proteins. Localization experiments described in Appendix B.1 show
StNPR3/4 is localized predominantly in the nucleus, while StNPR1 forms irregular
formations of different sizes in the cytoplasm and near cell nuclei (Figure B.la). Our
preliminary data also show that StTGA2.1 and StNPR1 can co-localize in these formations
(Figure B.1b), additionally supporting StTGA2.1 multifunctionality. Altogether, these
results confirm our third hypothesis that the mechanisms of potato TGA function differ
from those of their orthologues in Arabidopsis.

To investigate the involvement of mini-TGAs in plant immunity, we prepared
transgenic SA-deficient potato plants overexpressing StTGAZ2.1 and followed whole-genome
gene expression after PVY infection. Our results revealed that StTGAZ2.1 overexpression
attenuated PVY replication and resulted in diverse transcriptional changes following
exposure to pathogen infection in comparison to control plants. That a single protein can
elicit such extensive changes in the transcriptional landscape is astounding. Its effects are
likely augmented by secondary regulation of other transcription factors. Using Gene Set
Enrichment Analysis of RNA sequencing data, we show that four groups of transcription
factors (WRKY, plant homeodomain finger, photoperiod-responsive 1, and C,C,(Zn) DNA-
binding One Zinc Finger) are indeed differentially regulated in StTGAZ2.1 overexpressing
plants compared to controls. We also show that StTGAZ2.1 overexpression positively affects
the regulation of class III peroxidases (PRX). This group of enzymes is involved in the
metabolism of reactive oxygen species, which act in biotic stress-related signaling (Bleau
& Spoel, 2021) and could be one of the mechanisms through which StTGA2.1 improves
potato immunity against PVY. Altogether, our results demonstrate that StTGA2.1 is
involved in transcriptional regulation following PVY infection and that its overexpression
greatly reduces PVY replication and symptom development. Although further experiments
might be required to confirm the role of StTGA2.1 in the SA-mediated immune response
unambiguously, our results strongly indicate that StTGA2.1 functions as part of the SA
pathway against PVY, since we confirmed its association with the StNPR1 cofactor, the
master regulator of SA-mediated signaling (Backer, Naidoo, & Berg, 2019; W. Wang et al.,
2020), and showed the influence of SA on StTGA-StNPR interactions. Therefore, with
these results, we for the most part confirm our fourth hypothesis.

Mini-TGAs lack a complete DNA-binding domain and are unable to bind target DNA
by themselves, which we also demonstrated by the lack of interactions between StTGA2.1
and several target DNA-binding motifs using surface plasmon resonance. Their domain
composition resembles that of microProteins, which are defined as truncated transcription
factor-like proteins of small molecular weight that cannot bind DNA but regulate
transcription factor activity (Magnani et al., 2014). Our results indeed show StTGA2.1 can
form homodimers and heterodimers with StTGA2.2 and StTGA2.3, in yeast and in planta,
and modulates transcriptional regulation of StPRX07 through association with StTGAS,
confirming our fifth and last hypothesis. Although StTGA2.1 retains a short segment of
the leucine zipper, which could contribute to dimerization, contact formation likely occurs
through stable interactions involving the C-terminal region, as was shown recently in
AtTGA3 (Kumar et al., 2022). The exact mechanism of cooperative promoter activation
by the StTGA2.1-StTGA2.3 complex remains to be determined; however, our molecular
dynamics simulations suggest that StTGA2.1 dramatically affects the overall conformation
of the regulatory heterodimer due to its compact structure. The presence of StTGA2.1 in
the activation complex could also affect its affinity for the establishment of interactions
with other regulatory proteins, such as StNPR cofactors. The transactivation assays used
to determine promoter activity in the presence of StTGAs were performed in N.
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benthamiana leaves. The regulatory proteins from tobacco could contribute to StTGA-
mediated activation.
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Chapter 4
Conclusions

Understanding the molecular mechanisms of plant diseases and the different roles of plant
proteins is of paramount importance if we are to reduce crop losses due to pathogen
infections. Our knowledge in this area continues to grow, but we still know very little about
the molecular mechanisms underlying most plant-pathogen interactions in crops. Within
this thesis, we demonstrate the application of different functional analysis approaches for
studying molecular processes and their components in two plant pathosystems, leading to
new discoveries in disease pathogenesis and plant immune response mechanisms in crops.

In studying the grapevine-phytoplasma interactions, we successfully adapted a protocol
for efficient isolation of total RNA from grapevine leaf veins, which enabled extensive
analyses of grapevine response to infection with 'Ca. P. solani' at the transcriptomic and
small RNA levels. Secondly, using an optimized protein pull-down assay coupled with mass
spectrometry, we could identify several potential targets of the putative 'Ca. P. solani'
effector PoSTOSP28 and confirm the interaction between PoSTOSP28 and grapevine
phosphoglucomutase enzymes, which are involved in plant sugar metabolism. These results
present an important contribution to our understanding of phytoplasma infections and
provide the basis for further experiments.

In studying the potato-PVY interactions, we focused on an essential group of
transcription factors involved in plant immunity, the TGA transcription factors. We
characterized a novel TGA protein type found in potato, the mini-TGAs, through
functional analysis of StTGA2.1. We showed how protein truncation can lead to
diversification of function and not only loss of function as generally assumed. This can be
an important event in gene evolution and should perhaps be investigated in more detail
for other gene families. Furthermore, we identified an important component of the potato
immune response, revealing new insights into plant immune signaling in crops.

Altogether, the work presented here provides an important contribution to plant disease
research at the molecular level. Such knowledge is crucial for the development of more
efficient plant breeding programs and attaining new and more resilient crop species.
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Appendix A

Effector PoSTOSP28 Interactions
with Other Enzymes

A.1 Co-immunoprecipitation Assay

A.1.1 Experimental Procedures

Full length coding sequences of grapevine fructose-bisphosphate aldolase (VvFBA,
Vitvi03¢g00048) and geranylgeranyl diphosphate reductase (VvGDR, Vitvi06g01069) were
amplified from 'Ca. P. solani'-infected grapevine cultivar Zweigelt complementary DNA
and cloned into the pJET1.2/blunt vector using the CloneJET PCR Cloning Kit (Thermo
Scientific, USA). The coding sequences were then inserted into the pENTR D-TOPO vector
using pENTR™ Directional TOPO® Cloning Kit (Invitrogen, USA), verified with Sanger
sequencing (Eurofins Genomics, Germany), and recombined into the pJCV52 Gateway
vector (VIB, Belgium) (Karimi, Inzé, & Depicker, 2002) containing the hemagglutinin A
(HA) tag, using the Gateway® LR Clonase TM II Enzyme Mix (Invitrogen, USA). Primer
pairs used for cloning and sequence confirmation are listed in Table A.1.

Table A.1: Primer pairs used for cloning of grapevine VVFBA and VvGDR.

Target Primer Name Primer sequence 5’- 3’ Purpose

VvFBA F_ Vitvi03g00048_ fba ATGGCATCAGCAGCTCCATCT

Vitvi03900048 R, Vitvi03g00048_ fha TTAGTAGACGTAGCCCTTGACGAAC pJET

VvGDR F_ Vitvi06g01069_ ger ATGGCAGCTGCTACTCCTCTTTA cloning

Vitvi06g01069  R_ Vitvi06g01069_ger TCACACCCTCAAAGCCTGTACGTC

VVvFBA Vv421_ pENTR_Fw CACCATGGCATCTGCCTCTCTTCTCAA

Vitvi03900048  Vv421_pENTR_Rv_noSTOP ~ GTAGACATAACCCTTCACGAACATTCCT pENTR

VvGDR Vv608_pENTR_Fw CACCATGGCCTCCATTTCCCTCAAAACCT cloning

Vitvi06g01069  vy608 pENTR_ Rv 1noSTOP ~ TACGCTCATCTTATCCATCTCCCTC

pENTR MI13 F GTAAAACGACGGCCAGT

D-TOPO Mi13 R CAGGAAACAGCTATGACC sequence
Forward Sequencing Primer CGACTCACTATAGGGAGAGCGGC confirmation

pJET1.2/blunt
Reverse Sequencing Primer AAGAACATCGATTTTCCATGGCAG

Homemade electrocompetent Agrobacterium  tumefaciens GV3101 cells were
transformed with prepared constructs by electroporation. Transformants were used for the
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agroinfiltration of the bottom three fully developed leaves of 3-4 week-old N. benthamiana
plants, as described previously (Lazar et al., 2014). In cases of co-transformation with
agrobacteria carrying different constructs, the 1:1 ratio was applied. An equal volume of
agrobacteria carrying the p19 silencing suppressor was added to the mixture. Agrobacteria
carrying only pl9 were used as controls.

For the co-immunoprecipitation assay, the HA-tagged VVFBA and VvGDR proteins
were co-expressed with a yellow fluorescent protein (YFP)-tagged PoSTOSP28 in N.
benthamiana leaves for four days. Protein fluorescence was confirmed by confocal
microscopy. Total proteins were extracted from about 500 mg of leaf material with
immunoprecipitation (IP) buffer (25 mM Tris-HCI, pH 7.5, 100 mM NaCl, 10 mM DTT,
0.1 mM PMSF, 0.02% Nonidet P-40 (NP-40), 10% glycerol, and cOmplete™ ULTRA
Tablets, Mini, EDTA-free Protease Inhibitor Cocktail (Roche Switzerland)). The protein
extract was then diluted in IP buffer without NP-40 at a ratio of 1:2.5, followed by
incubation with GFP-Trap® Magnetic Agarose beads (ChromoTek, Germany) at 4 °C for
1 h. The beads were washed three times with IP buffer without NP-40, after which the
immunoprecipitated proteins were eluted in SDS-PAGE loading buffer (100 mM Tris-HCI,
pH 6.8, 4% SDS, 0.2% bromophenol blue, 20% glycerol, and 200 mM DTT). The
immunoprecipitated proteins and protein extracts were analyzed by SDS-PAGE and
Western blot using antibodies against green fluorescent protein (GFP) (1:3,000 dilution,
Invitrogen, USA) and against HA (1:1,000 dilution, ChromoTek, Germany).

A.1.2 Results

Interactions between the candidate effector protein PoSTOSP28 and grapevine VvFBA
and VVGDR enzymes were tested using an in planta co-immunoprecipitation assay. As
shown in Figure A.1, we did not detect any interaction between the tested proteins.

VVvFBA-HA VVGDR-HA

PoSTOSP28-YFP +
-55

-40
- 55

input
a-HA a-GFP

- 40

GFP-IP

a-HA a-GFP

-40
kDa

Figure A.1: Co-immunoprecipitation assay results. No interactions were detected between
PoSTOSP28 and VvFBA or VvGDR. The combination of YFP- and HA-tagged proteins
expressed in N. benthamiana is indicated for each sample, whereas each of the interactors
was also expressed alone as control (+/—). Interactions were determined by the detection
of immunoprecipitated (GFP-IP) complexes with anti-HA antibodies. Detection of YFP-
tagged PoSTOSP28 with anti-GFP antibodies in GFP-IP samples and detection of proteins
with anti-GFP and anti-HA antibodies in leaf protein extracts (input) are shown as
controls. The arrows indicate expected bands.
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Appendix B

Experiments with Potato NPR

Transcription Cofactors

B.1 Subcellular Localization and Co-localization

B.1.1 Experimental Procedures

Full-length coding sequences of StNPR1 (Sotub07g011600), StNPR3/4 (Sotub029015550),
and StTGA2.1 (Sotub109g022560) were inserted into the pENTR D-TOPO vector using
pENTR™ Directional TOPO® Cloning Kit (Invitrogen, USA) and the primer pairs listed
in Table B.1. The coding sequences of StNPR1 and StNPR3/4 were then recombined
through LR reaction using the Gateway® LR Clonase TM II Enzyme Mix (Invitrogen,
USA) into the pKTRWG2.0 expression vector (Karimi et al., 2002), to produce proteins
with a C-terminal monomeric red fluorescent protein 1 (RFP) fusion. StTGA2.1 was
inserted into the pH7FWG2.0 expression vector (Karimi et al., 2002) to produce a protein
with a C-terminal GFP using the same procedure.

Table B.1: Primer pairs used for cloning of potato StTGA and StNPR.

Target Primer Name Primer sequence 5’- 3’ Purpose
StNPRI1 NPR1_pENTR_Fw CACCATGGATAGTAGGACTGCTTTTTCG

S50tub079011600  StNPR1 no stop Rv TTTCCTAAAAGGGAGATTATTGGGC

StNPR3/4 NPR3/4A_ pENTR Fw CACCATGGGAAGTTCTGCTGAACCATC JENTR
S50tub02g015550  StNPR3/4a_no_stop_Rv TAGGTTCCTAGCTTTGACACTTGC cloning
SUTGA 1 Sotub10g022560 pENTR. Fw  CACCATGGATGCAATGGGTGATAGGGA

Sotub 09022500 SOMPIOR022550_560n0SP prGoTOTOATGATCTGGCA

PENTR MI13 F GTAAAACGACGGCCAGT sequence
D-TOPO M13 R CAGGAAACAGCTATGACC confirmation

Agrobacteria-mediated N. benthamiana transformation was performed, as described in
subchapter A.1.1. Protein localization was visualized three to five days after
agroinfiltration, using the Leica TCS SP5 laser scanning confocal microscope mounted on
a Leica DMI 6000 CS inverted microscope with an HCX PL APO lambda blue 63.0x1.40
oil-immersion objective (Leica Microsystems, Germany), using previously described
settings (Lukan, Machens, et al., 2018). StNPR1 and StTGA2.1 co-localization was
visualized with the Leica TCS LSI macroscope with Plan APO 5x objective (Leica
Microsystems, Germany), using previously described settings (Lukan, Baebler, et al., 2018).
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The red Histone 2B-eYFP (H2B-YFP) nuclear marker (Federici, Dupuy, Laplaze, Heisler,
& Haseloff, 2012) was used to visualize cell nuclei. Yellow and green or red fluorescent
protein fluorescence was excited with laser lines of 488 nm or 543 nm, respectively. Emission
was measured in the window of 505-525 nm for GFP, 525-535 nm for H2B-YFP, 570-630
nm for RFP, and 690-750 nm or 700-800 nm for autofluorescence. Leica LAS AF Lite
software (Leica Microsystems, Germany) was used for image processing.

B.1.2 Results

Subcellular localization of REP-tagged StNPR1 and StNPR3/4 proteins in N. benthamiana
leaf epidermis and mesophyll was compared with the H2B-YFP nuclear marker (Figure
B.1a). SSNPR1-RFP formed compact and irregularly shaped formations in the cytoplasm,
often near cell nuclei. In contrast, StNPR3/4A was predominantly localized in the nucleus
and, to a lesser extent, in the cytoplasm. Co-localization of RFP-tagged StNPR1 and GFP-
tagged StTGA2.1 showed that the proteins can co-localize in unevenly sized formations in
the cytoplasm (Figure B.1b).
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Figure B.1: Subcellular localization and co-localization. a) Localization of RFP-tagged
StNPR1 and StNPR3/4 (red) with H2B-YFP nuclear marker (yellow) in N. benthamiana
leaves. b) Co-localization of RFP-tagged StNPR1 (red) and GFP-tagged StTGA2.1
(green). Orange lines depict the image section close-up. White arrows indicate regions of
co-localization, which are colored yellow in channel overlay. a,b) Protein fluorescence is
represented as the z-stack maximum projection. Scale bars, a) 25 um and b) 500 pm.
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Appendix C

Supplementary Material of Included

Publications

C.1 Supplementary Material for Publication 2.1

Supplementary material is available at https://www.mdpi.com/1422-0067/22/7/3531.
Accessed: 31-March-2022.
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C.2 Supplementary Material for Publication 2.2
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Title: Candidate effector proteins of ‘Candidatus Phytoplasma solani’ are associated with

modulation of plant carbohvdrate metabolism toward effective glycolysis, with

accelerated ascorbate-glutathione cycle, and with induction of autophagosomes
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Supplemental Fig. 1. Co-immunoprecipitation assay negative controls. The HA-labeled grapevine
phosphoglucomutascs (VvPGMs) were co-expressed with GFP (+), to show they do not interact with
fluorescent proteins after immunoprecipitation (GFP-IP). Detection of proteins in leaf protein extracts

is shown as control (input). Arrows indicate expected bands.
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20 um

Supplemental Figure 2. Expression of effector proteins tagged with YFP. (A) PoSTOSP04, (B)
PoSTOSP06, (C) PoSTOSP13, (D) PoSTOSP14, (E) PoSTOSP18, and (F) PoSTOSP28. Scale bars 20

pm.
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Supplemental Figure 3. Pairwise sequence alignments of candidate effector proteins, PoSTOSP04,
PoSTOSPI13 and PoSTOSP14 align or partially align with previously identified *Ca. P. solani’ strain
SA-1 effector sequences (Music Seruga et al. 2019). The alignments are colored with the Geneious
Prime (https://www.geneious.com) sequence similarity color scheme, based on the identity score matrix.
Pairwise sequence identity (% Id) of the aligned regions is specified for each alignment. Sequence

numbering (amino acid) is shown above each alignment.
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Supplemental Tables

Supplemental Table 1. List of primers.

Target Primer name Primer sequence 5'-3' Purpose
PoStoSP04  PoStoSP04_ FP CACCATGAGAAATAACAAAATAAAAATAAAATTTAAATTG
PoStoSP04_ RP TTATTCTATTGTGTTTACAAAAGTACAAAGTTTTAC
PoStoSP06  PoStoSP06_ FP CACCATGATCTTGGATCTTAACTTTTCTAAAAGAAAAT
PoStoSP06_ RP TTAGTCTTCATTTTCTTTAGGTTTATCTTGAACAT
PoStoSP13  PoStoSP13_FP CACCATGCATTTAAGAAAAAAACGCTTTTTT
PoStoSP13_RP TTAAAATAAAAAATTGTCTAAAAAAACGAAACAG cloning into
PoStoSP14  PoStoSP14 _FP CACCATGCATTTAAGAAAAAAACGCTTTTTT :52‘,{? :c";
PoStoSP14_RP TTATTTTTTAACTTTTTGAAAACAATAATATCCAG
PoStoSP18  PoStoSP18_FP CACCATGGTATTAAAGGGTAAATTAAAAATAATATTTTTTTTTG
PoStoSP18_RP TTAAGAAAGAGCTTTTTTTTGAGCAGC
PoStoSP28  PoStoSP28_ FP CACCATGCAAAACACAAAAAAATCTTTAGTTATTAAATT
PoStoSP28_ RP TTATTGTCTTCTTTTTTTAATAACAAAGAAAGCAAC
Vitvi01g00455 Vv455_pENTR_Fw CACCATGGTGATGTTCAAGGTTTCTCGAGTC
\W455_pENTR_Rv_noSTOP  TGTGATAACAGTGGGAGCAGAACG Siohingiifs
Vitvi16g00891 \VW891_pENTR_Fw CACCATGGATAGTGTCTTCTTTTCAACCCTCA PENTR
W891_pENTR_RV_noSTOP  TGTGATCACTGTAGGTTTCTCCCTTC
Vitvi01g00455 F_Vitvio1g00455_pho ATGGTGATGTTCAAGGTTTCTCGAGTC
R_Vitvi01g00455_pho CTATGTGATAACAGTGGGAGCAGAAC cloning into
Vitvi16g00891 F_Vitvi16g00891_pho ATGGATAGTGTCTTCTTTTCAACCCTCA PJET
R_Vitvi16g00891_pho TTATGTGATCACTGTAGGTTTCTCCCTTC
Vitvi01g00455 \Vv455_middle_Fw CTTTGAGGTCCCAACTGGCTGG
Vv455_middle_Rv CGCTTTGCATAAGCTCCACCAA
Vitvi16g00891 Vv891_middle_Fw TTGAGGTCCCCACTGGATGGAAATTT
W891_middle_Rv AGAAAGATCAATGTCTGGGATGTCTACC
sequencing
PENTR M13F GTAAAACGACGGCCAGT
M13R CAGGAAACAGCTATGACC

PJET1.2/blunt

Forward Sequencing Primer CGACTCACTATAGGGAGAGCGGC
Reverse Sequencing Primer AAGAACATCGATTTTCCATGGCAG
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Supplemental Table 2. High-throughput RNA-Seq of uninfected and with 'Candidatus
Phytoplasma solani' infected grapevine cv. Zweigelt vein enriched leaf samples (available as an
Excel file). Data are extracted and reused from Supplemental Table 1, Dermastia et al. 2021. For each
mRNA sequence and sample, the differences in expression between phytoplasma-infected and
uninfected plants were calculated as log;FC. Only mRNAs with FDR adjusted p-value < 0.05 were
considered as differentially expressed (red — up-regulated; green — down-regulated). U — uninfected

samples; | — samples infected with ‘Ca. P. solani’; E — early growing season; L — late growing season
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Supplemental Table 3. Protein groups identified through protein pull-down and mass
spectrometry analysis (available as an Excel file). A list of proteins with their UniProtKB identifiers
and fasta headers, identified in the YFP-tagged candidate effector POSTOSP28 sample, but not present

in control sample after pull-down.
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Table 2. High. RNA-Seq of and with ' i Pt solanl’ Infected grapevine cv. Zwelgelt veln enriched leaf samples. Data are extracted
and reused from Supplemental Table 1, Dermastia ef al. 2021, For each mRNA sequence and sample, the differences in expression between phytoplasma-infected and uninfected planis were
caloulated as log,FC. Only mRNAs with FOR adjusted p-value < 0.05 ware considered as differentially expressed {rad — up-fegulated; green — down-regulated). U — uninfented samples; | - samples
infectad with 'Ca. P. solani’; E - early grawing seasan: L — late grawing seasan

adjusted adjusted

Gene ID DESCRIPTION BINGODE NAME :Ig_‘ :(I:J p-value inlg_’ LFZ p-value

S (FDR} i (FDR)
CARBOHYDRATE METABOLISW
Vitvi18gU2TSe  ADPGLG-PPase large sUDUNit (AT1GZ7680 Similanty) 2121 major CHO melabolism synthess starch AGPase 298 125

g i <
Vitvi14901573 ‘;aﬁﬂ:f’se pyrophosphoryiass famiy protein IATIGTA910 5 451 ;gjor CHO metabolsm.synthess starch.AGFase 048 020 0191
Vitii01901824  classical AGP protein (ATSG1 1880 similarity) 35.2 not assigned.unknown 211 0.498 0.39
ketose-bisphosphate aldolase dass-I| family protein

g0t TE e el 36.1 not assigned o entology 086 009 o028
Viti08g01500  Aldolase-type TIM barmel farily protein (AT3G14130 similarity) 1.2.2 PS photorespiration glysolate axydase 078 108
Vitdi18g01733  Aldolase-type TIM barrel family protein (AT1G16350 similarly) 23.1.2.20 zgﬁlveﬁowr;:ge;:bohsm syhesis punne. IMP Q47 0.01 0978
Vitvi0Bg01506  Aldolase superamily protein (AT2G36480 similarity) 138 P3.calvin cydle aldolase 068 1.04
Viti01gOD3S0  Aldolase superfamily protein (AT2G01140 similarity} 1386 PS.calvin cycle.aldolase 0687 110
Vitvi0dgo2304  Aldolase-type TIM barrel family protein (ATAG21320 similarly) 35.2 nat assigned unknown 085 0084 072 0081
Vitvi09g01489  Aldolass-typs TIM barrel family pratein (AT3G14130 similariy) 1.2.2 PS photorespiration glycolate oxydase 082 038 0187
Viti14g00619  threonine aldalase 1 {(AT1GOBES0 similarity) 13257  Bmino acid metabolism degradation. serine-glycine- a41 0208 101

cystaine group.glycing
cell wall.precursor synthesis. KDO pathway. KDC-8-

Vini19901724  Aldolase-type TIM bare fanily profein {AT1GT9500 silariy} 10.1.12.2 (5 AR B0

Q.37 0.085 023 0.344

Vitvi02g01173  Aldolase-type TIM barrel family protein (AT5GB4250 similarity) 26.1 misc.rmisc2 0.57 0238 042 0490
Vitvi14g01571  Aldolase-type TIM barrel family protein (AT3G01850 similariy) 7.2.3 OPP.non-reductive PP ribulose-phosphate 3-epimerase 011 0592 Q.18 0.403
Vitvi01g01779  Aldolase-type TIM barrel family protein (AT5G 13420 similarity) 7.2.2 OPP.non-redugtive PP.transaldolase 0.09 0811 078

\Vibi08g00872  Aldolase superfamily protein (AT2G25800 similarity) 13244  BMino acid metabolism degradation. branched chain anz 0935 0zt 0.180

aroup leucing
D-tagatose-1%2C6-bisphosphate aldolase subunit
(AT2G36895 similarity}

VIi07QE0047  Aldolase-type TIM barrel family protein {ATAG02610 similarily) 13.16.55

Vitvi0Bg01624 352 not assignad unknown 000 1.000 -0.94

amina acid maetabolism synthesis aromatic

aatryptophan. tryplophan synthase o0z oere o 0308

Vitvi0TgQ0T18  Dihydroneopterin aldolase (AT3G 11750 similarity) 25.9 C1-metabolism.dihydronecpterin aldolase -0.08 0.759 0.00 0992
amina acid

Vitvi08g01457 Aldolase-type TIM barrel family protein (AT2G36230 similarity) 13.1.7.2 metabolism synthesis histidine phosphoribosyl-AMP .07 0685 -0.03 0874
cyclahycrolase

Vitdi0 2901702 Aldolase superfamily protein (AT1312230 similarity} 722 OPP non-reductive PP transaldalase -0.08 04881 o 0633

amina acid metaholism syrthesis.aromatic
aa.tryptophan. indols-3-qlycercl phosphate synthase
arrina acid metaholism degradation branched chain

Vitvi12g00T45 Aldolass-type TIM barrel family protein (AT5G48220 similarity) 13.1.6.5.4 .16 0258 020 0.148

Vitvi0Bg01161 Aldolase supsrfamily protein (AT2G2ZE800 similarity) 13.2.4.4 group leudine .24 0.511 -0.21 0.580
Vitvi0 2000513 Aldolase superfamily protein (AT1G12230 similarity) 722 QPP nonreductive PP iransaldalase <038 0121 -0.30 0204
Vitvi10g02382 Aldolase-type TIM barrel family protein (AT4G21320 similarity) 2021 siress abiotic. heat -0.47 0106 005 021
Vitvi18g00261 Aldolase superfamily protein (AT1G69740 similarity) 19.4 tetrapyrrole synthesis.ALA dehydratase -0.47 -0.14 0.510
Vitvi02g00048 fructose-bisphasphate aldelase 2 (ATAG3B970 similarity) 138 PS.calvin cyvle aidolase 072 0.063 -1.35
Vitvi19g01352  Aldolase-type TIM barrel family protein {AT3G 14420 similarity) 1.2.2 PS photorespiration. glycolate oxydase -1.04 -1.40
Vitvi0dg01421 fructose-bisphasphate aldolase 2 (ATAG38970 similarity) 138 PS calvin cycle aldclase -1.10 -168
Vitdi1GgODO04  Aldolase superfamily protein (AT4G26530 similarity} 128 PS.calvin cycle.aldolase -2.58 -2.99
Viti14901938  phasphofructakinase 5 (AT2G22480 similarity) 424 glycolysis plastid Aranch phosphofructakinase {PFK) 221 081
‘ major CHO
Vitvi0Bg01307 fructokinase-like 1 (AT3G54080 similarity) 2241 metabolism. degradation sucrose fructokinase 082 177
PTHR13697/PTHR13697.5F20 -
Vitvi07g01483 PHOSPHOFRUCTOKINASE # SUBFAMILY NOT NAMED (1 35.2 net assigned.unknown Q.82 053 0.051
of 3)
Viti1 1000237 phosphofiuciokinase 3 [ATAG26270 similarity) 434 Shcanes argeted.pr ik 045 0086 030 0128
Viti04g00040  phosphofiuctokinase 3 [ATAG26270 similarity) 434 ?F‘}‘F“,é;yg‘s unclezricually largeted phosghoffueickinase 41 goa 008 o825
; . " glycolysis.cytosolic branch. pyrophosphate-fructose-6-P -
Vitvi10gODM29  Phosphoiructokinase family protein (AT1G12000 similarity)  4.1.5 Phosonotansferase 041 045
Vind07g01482  phosphofructokinase 5 (AT2G22480 simiarity) 424 glycolysis plastid branch phosphofruciokinase (PFIC) D34 0087 020 0348

glycolysis unclearfually targeted phosphofructokinase

Vitvi16g00GE1 phasphofructakinase 4 (AT5GE1580 similarity) 434 026 0203 085

(PFK)
VIt18g00037  Phasphofruictokinase family protein (AT1GT6550 similarty}  4.1.5 glycolysis eytosolic branch pyrophasphate-fructose-6-8 4 g 0.227 012 0.585
phosphatransferase
ly&is %] ki
Viti10g00212  phosphofructokinase 2 [ATSGA7810 similarity) 434 i fargeted phasphaifuct 003 0866 028 0107
Vitvi15g01370  Phosphafructokinase family protein (AT1G20950 similarity} 35.2 nat assigned.unknown 022 0405 -0.32 0241
major CHO
Vitvi01g00025  PTHR1DG84:8F 155 - FRUCTOKINASE-LIKE 2 {1 of 1) 22 e dogradation sucrose fruclokinase 025 0z 088 o132
Vit16001672  phosphofiuctokinase 4 (ATSGE1560 similarity) 352 not assigned Urknown 088 0089 | 18 012
. - pikB-like carbahydrate kinase family pratein [ATSG51830 major CHO
VIRTSQ00TTS i arity) 2211 metabolism.degradation sucrose fructokinase 103 089
\Vityi14gO0SE0 :Tﬁ::ﬁ)carbohydrate kinase family protein (AT5G37850 352 not assigned.unknown as0 030 0.052
\itvi0Bgm516 pfkB-like carbohydrate kinase family protein (AT3G50480 2211 major CHO 084 064

similarity) retabolism. degradation sucrose fructokinase
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pikB-like carbohydrate kinase family pratein (AT5G51830

major CHO

systems

Vi1BQ0085 G arity) 2211 metabolism. degradation. sucrose fructokinase 0 @B 0178
Vityi1Bgu2757 g"‘nﬁ;mfam”y“me kinass family protein (AT1G19500 35 minor CHO metabalism. others 048 005  nazm
Vitvi0 700016 :m:r;f”mwdme kinase family pratein (AT1G06730 35 minar CHO metabolism.others 033 0.150 015 0.512
X 9
\itvi05go04 36 ;’:‘nﬁ a""“s)‘:ﬂ’b"hydra‘e kinase family pratein (ATSG19150 35 minor CHO metabalism.others 022 0178 014 0.477
Vititsguaary  PIKE-ike carbahydrale kinase famiy profoin (AT4G10260 55\ majorCHO ) e TR
similarityy ucrose fructokinas
\iti03g00083 zﬁ‘nﬁ;:@fa’b"”y"’a‘e kinase family profein (AT1G49360 5 5 minor CHO metabolism.others 0.01 0ge4 023 odle
Vititdguogso  PIRE-ike carbaydrale kinase famiy prafein (AT1G66430 5, 4y melor CHO _ ) el oo BN oo
similarity) metabolism.degradation. sucrose. fructokinase
Vitvlegbonts IS CTEenyArate kinas faml Arein IATIGITIE 4 g minar CHO metabalism.olhers 017 oA D24 0210
Vitvi08g00640 :ﬁ*ﬂﬁ'ﬂ""“s)w’b""“me kinase family protein (AT5G58720 35 minor CHO metabolism.others 054 0O7 113
Vitei18900085 zmﬁ;m)carm"ydm'e kinase family protein [AT4G27600 35 fminar CHO metabolism. others -0.59 138
\itvi07g007 21 :’m:’mf”wydrme kinase family protein [(ATAG28706 35 minor CHO metabalism. others 082 082
Vitvil0g00038  hexokinase-1 protein (AT1G05205 similarity] 362 not assigned unknown 026 0140 024 0302
Viti08901272  hexokinase-like 1 (AT1G50450 similarity) 2214  MANCHO Jorose 002 09T 21
Vind1 1900260 hexokinase 1 (ATAG29130 similariy) 2214  MEOrCHO rose 033 024 0148
major CHO
Vitvi18g01114  hexckinase 3 [AT1G47840 similariy) 2214 A esradation sucrose hexokinase 073 081
\ini18900504  phosphoglucos isomerase 1 (AT4G24620 simiarity) 423 Oicalyss plasta branch glucase-&-phasphate 025 0108 026 0074
Phosphog! mutase family protein glycolysis. unslearidually targeted phosphoglucomutase
Vi1 geoass e il 432 o 038 0125 080
Vitvi16g00891  phosphoglusomutase (AT5GS1820 similarity) 432 nf—"GPT\JI!] i {argated phosphc . 057 045 0054
" phosphoglucomutase®%2C putative { glucese phosphomutase y .
viidignnesz  oRRORIRIEe 422 glycolysis. plastid branch phosphoglucomutase (PGM) 130 EED
Vitvi04g01633  UDP-glucose pyrophasphonylase 2 (ATSGT7310 similanty)  4.1.1 alyeolysis cytosolic branch UGPase 001 0980 081
Vitvi12g00087  UDP-glucose pyrophosphorylase 3 (AT3G55040 similarity) 382 not assigned.unknown -0.68 0174 -0.81
Vitvi04g02166 ascorbate peroxidase 3 (AT4G35000 similarity) 2121 redax. ascorbate and giutathione ascorbate 200 281
Vitvi0BgOO358  ascorbate peroxidase 1 (AT1G0TS0 similarity) 2121 redox.ascorbate and glulathione. ascorbat 076 0.82
Viti18g00256  tnylakaidal ascorbate peroxidase (AT1G77480 similarity) 2121 redox ascorbate and glutsthione ascarbate nos o7l 03 0073
Vitvi0Bg01143  ascorbate peroxicase 2 (AT3G0SE40 similarity) 2121 Tecai, ascorbate and glutatiions ascorate 002 080 02 0518
Vitvi02gO0137  ascorbate peroxidase 3 (AT4G35000 similarity) 2121 redox.ascorbate and glulathione. ascorbat -0.31 0148 055
Vitvi0dgO0484  ascorbate peroxidase § (ATAGE2320 similarity) 2612 misc.peroxidases .00 481
Vitvi18g00445 _ ascorbate 4 (AT4GOSDT0 similarity) 2121 recai, ascorbate and glutatnions ascorate 128 164
OXIDATIVE STRESS
Viti04gUo274  catalase 2 (ATAGA506D similarty) B recar. dismiiases and catalases T0B 0815 080 03r%
Vitvi18g00095  catalase 2 (ATAG350G0 similarity) 2146 redox. dismutases and catalases -0.40 0.503 -1.14 0.050
Vitvi0dg01564  catalase 2 (ATAGSS0SD similarity) 218 retiax dismutases and catalases 075 0ps0 D020 08
Vitvi13g00241 dehydroascorbate reductase 2 [AT"G?\SZTD similarity) 2121 radox ascorbate and giutathione. ascorbate 005 0.884 Qs
Viti14gO0840  dehydroascorbate recuctase 1 (ATSG167 10 similarity) 352 not assigned unknown 078 088
\iti08g01483  monadshydroascorbate reductass 1 (AT3GS2880 similarity) 2121 redax ascorbate and glutsthions ascorbate 028 006 o8
Viti02900030  monadahycroassorbate reductass 6 (AT1GB3640 similarty) 2121 redox ascorbate and glutathions ascorbate 005 0788 028 0184
VlN\‘4gDW751 mDﬂDﬂehydeESCOrbﬁle reductase 4 (AT3G27820 Slml‘Bﬂt}‘J 2121 redox ascorbate and g‘u'ﬁtmnne ascorbate -0.76 041
Viti07900027  glutathione reductase (AT3GS4G50 similarity) 2122 redox.ascorbate and ghuiatione, e 04z 044 oor7
Vitvi14g02616  copperizing superaxide dismutase 1 (AT1G0BE30 similarity) 216 ratox dismutases and catakases u3w 0121 048 0087
Vit13g00177  manganese superoxide dismutase 1 (AT3G10820 similarity) 216 redox dismutases and catalases 038 074
Vitvi14gO2607  copperfzing superoxide dismutase 1 {AT1G08E30 similarity; 216 redox dismutases and catelases -0.08 0.849 011 0798
Vitvi10g01476  Fe superoxide dismutase 3 (AT5G23310 similarity) 216 redox dismutases and catalases 027 0424 004 093
Vitvi08g01802 COPPerzing supercxide dismutase 3 (ATEG 18100 similarity} 218 radox dismutases and catalases 0.54 088
Vitvi0Bg01349  copper/zine superoxide dismutase 2 (AT2G28190 similarity, 216 redox dismutases and catalases 0.77 069
Vitvi16g00280  Fe dismutase 2 (AT5G51 100 similarity) 216 redo; and catalases 122 097
ABC TRANSPORTERS
Vitvi01g01917  ABC-2 fype transporter family protein (AT3G25520 similari) 352 not assignect. unknown - 1.85 0.202
Vitvi01g31915  ABC-2 type transporter family protein {AT3G25620 simiariy) 352 not assigned. unknown 295 - 0174
Vitei1 790872 ABC ransporter family pratein (AT3G28345 similariy) 3418 rENSROMLABC ansporte(s and multidrug resistence 28 a4z 08

169
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PFOOODSPFO1061/PFOB370 - ABC transporter (ABC_tran) e ABG ¢ e o multic -
Viti0BD1423  ABC-2 type transporter (4BCZ_memirane) i Plant PDR ABC  34.16 a”f”’ ransporters and multidng resistance 187 0425 270

transporter associated (PDR_assoe) (1 of 2) sysiems

PFOODDSHPFO1061/PFOB370 - ABG transporter (ABC_tran)
Vitdi05g01423  ABC-2 type transporter (ABC2_memborane) / Plant PDR ABC 34,16 iransport ABC transporters and Multidrug resistance 187 0425 | 270

sy

transperter assaciated (PDR_assac) (1 o7 2)

Viti01901918  ABC-2 type transporter family protein (AT3G25620 similarity) 5.2 not assigned.unknown 1.45 11 301 0205
. PTHR19241:8F219 - ABC TRANSPORTER G FAMILY transport ABC transporters and multidrug resistance

Viti0Sg00470 MEMEER 38 (1 of 30} 34.18 systems 125 0.051 023 0782

PFO0O0SKPFO83TO/PF 14510 - ABC transperter (ABC_tran) /f \ransport ARG transporters and multidrug resistance
Viti08g00294  Plant PDR ABC transporter associated (FDR_assoc) # ABC-  34.16 o sre:_‘s P 9 1.06 0.005 -1.69

transporter extracelular N-terminal (ABC_trans_N) (1 of 1) ¥
\Vitvi13g00638  ABC transporter farrily protein (AT5GSOT40 sirmilarity) 34,16 :f;‘t:mmm transporters and multidrug resistance 004 049 0098
Vitvi01g01908  ABC-2 type transporter family protein (AT3G26820 similarity)  35.2 not assigned.unknown 093 0178 0.85 0338
AUTOPHAGY
Viti13g00112  autophagy-ike protein (AT2G40316 similarity) 35.2 ot assigred, unknown 039 045
Viti07g00210  yeast atophagy 18 G-like protein {AT1GD3380 similarity) 29,52 protein degradation.autophagy 020 0.085 0.35
Vitvi14g00317  autophagy 18hlike protein (AT1G54710 similarity) 2852 protein degradation autophagy 022 0.266 023 0.158
Vii16g01309  Autophagy-related protein 13 (AT3G4G590 similarity) 35.2 not assigned.urknown 021 0133 044
Viti04g01617  Autophagy-related protein 13 (4T3G18770 similarity) 35.2 not assigned.unknown 019 0224 0.22 0.205
Viti15000086  AUTOPHAGY B (AT3GE1710 similarityy 314 cell.organisation 005 0853 018 0.145
Viti11g00813  yeast autophagy 18 B-like protein (AT4G30510 similarity} 34.09 transpart misc 002 0833 118
Vitvi11g00777  autophagy-like protein (ATAG30780 similarity) 35.2 not assigned unknown 001 0830 0.1 0.550
Viti04g01615  Autophagy-related protein 13 (ATIG18770 similarity) 35.2 not assignecturknown .07 0.891 0.53 0285
Viti03g00482  autophagy 2 {AT3G18180 similarity) 36.2 not assigned.unknown 01 0.540 0.2 0083
Vini07gOD580  autophagy & {APG) (AT2G31280 similarity) 2052 protein.degradation. autophagy 041 0.507 018 0331
Viti19g01985  yeast autophagy 18 F-like protain (ATGG54730 similarity) 29.5.2 protein ciegradation.autophagy 014 0393 0.25 0.136
Vitvi02g00788  autophagy protein ApgS family (ATSG1 7280 similarity) 20,52 protein degradation.autaphagy 018 0238 0.21 0186
Vitvi12g00009  yeast autophagy-like protein (AT2G40810 similarity) 2952 pratein.cegradation.autophagy -0.29 0221 -0.14 0687
Viti0dg01616 __ Autophagy-related protein 13 {4T3G18770 similarity) 35.2 nat assigned.unknown 085 0158 -1.02 0180




Supplemental Table 3. Protein groups identified through protein pull-down and mass spectrametry analysis. A list of proteins with their UniProtKE identifiers and fasta headers, identified in the YFP-
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tagged candidate effector PaSTOSP28 sample, but not present in contral sample after pull-down.

Protein IDs Fasta headers N:[':ﬁ;:’ Peptides
/OBLEZ3[QBLEZ3_TOBAC NADPH-protochiorophylide oxidoreductase
CS=Nicotiana Labacum OX=4097 GN=POR1 PE=2
g‘fs:féfﬁ?f;g{ ;%B::ié’l’:%’;;s:;igﬂfgEQATESEELOBAQ""*“MQ'Bm Su=1,tr ADATSAASRE ADA1S4A5RZ_TOBAC NADPH-protochiorophylide 4 3
! - b ! - axidoreductase OS=Niootiana tabacum OX=4097 Gh=LOC 107793078 PE=3
Sv=1.tr ADATS4BE1BIA0AT
1r/A0A 140G 1T8|A0A 140G1T8_TOBAC ribcsomal protain 518 OS=Nicetiana
1A0ATA0G THIAOA 14061 To_TOBAC e i e e e el 1 2
A0ATSIZRRT JADA1SIZRRI_TOBAC nucieoid-associsted protoi A14330620,
. . tabacum OX=4087 GN=LOC 107789621 PE=4
1/40A1SIZRR1 AIATSIZRRY_TOBACrAOAISIYLVE|A0A1S3YLYE_TOBAC 5021 I A0 185119 2021831 . TOBAC nuloiasscited prein 2 2
like tabacum OX
/A0 184B4M|A0A 154B4ME_TOBAC ZBS proteasome non-ATPase reguiatary
t/AOA1SABAMBIACA1S4B4ME_TOBAC tr]A0A1S4BHPA|AOA184BHPA_TOBAC tr| |subunit 1 hemolog OS=Niestiana tabacum OX=4087 GN=LOC107804491 PE=3 v .
ADATS3ZBET ADA1S3Z6E1_TOBAC SV=1:tr|A0A1S4BHP4|A0A1S48HP4_TOBAC 268 proteasome non-ATPase
ragulatory subunit 1 homolog OS=Nicotiana tabacum OX=4087
/A0 154AZ72|A0A 1544272_TOBAC thioredoxin-fike 3-1, chloroplasiic
. . o GS=Nicotiana tabacum OX=4097 GN=LOG107802806 PE=4
UOATSAAZT2AOMTBAAZT2_TOBACIADMISIYKLT ADMBSYKLI_TOBAC  |oyq 0 0153 KLT AOATSIYKLT_TOBAC thicradonin like 3-1, chiorapiastic 2 2
O8=Nicotiana tabacum OX=4097 GH=LOC 107777304 PE=4 Sv=1
A0ATSACAFSIA0ATSACAFS, TOBAC glulamate-T-semiaidanyce 21-
11/AOA1SAC4F5[ACA 1SACAFS_TOBAC tabacum OX=4087 1 3
GN=LOC107815022 PE=4 Sv=1
tr|AOA 154CKAD|AOA 1S4CKAD_TOBAC uncharaclerized protein LOC 107819840
1IA0ATSACIADIAOATSACKAD_TOBAC Isaform X1 OS=Nicotiana tabacum OX=4097 GN=LOG07810940 PE=4 Sv=1 1 1
{r/Q9AT16/Q9AT16_TOBAC Ank protein HEP1 O tabacum
1r/Q9AT 18|Q8AT 16_TOBAC 1r/aBHEPS{QBHBPS_TOBAC, |Q84P55/084PS5_TOE |GX=4087 GN=LOC 107793888 PE=2 SV'=1,r|Q8HBPY Q8HEPY_TOBAC Ankyrin i .
AC,Ir QB4PSE|Q84P56_TORAC domain protein OS=Nicotiana tabacum GX=4087 GN=ANK1 PE=2
L p
Sv=1,tr/Q84P55/064PS5_TOBAG TGE 2K interacting protein 3 OS=Ni
1801548334 11A0A 154B341_TOBAG cal dilsion protain FisY homolog,
. . . S ASAAGRTIA tabacum OX=4007 GN=LOC107804044 PE=3
(A0ATSAB3HAOATSIBIH_TOBAC IADA IS4AGRTIAOAISAAGRT_TOBAC [~ AOA1S4AGRT|ADATSIAGRT_TOBAC cell division protein FisY hamalog, 2 3
chioroplastic-like O8=Nicotiana tabacum GX=4087
/A0 1340985/ A0A 1S4D9B5_TOBAC serine--glyoxylate aminciransferase-ike
A oy OS=Nicotiana tabacum OX=4087 GN=LOC 107827351 PE=3
1A0ATSADIBSIA0ATS4DIES_TOBACIADATSIABS2IA0ATSIABSE_TOBAC [y 411004 1844 BE2|A0A 1544882 TOBAG serine—alyoxylate aminotransferase 2 2
OS=Nicotiana tabacum OX=4097 GN=LOCT07795801 PE=3 SV=1
1r|40A1S40.JC0IADA 1S4DCO_TOBAC, i AUA1S3ZENA|ADA 1S3Z5N4_TOBAG;sp| gﬁ:@ﬁ:ﬁ:ﬁ;ﬁ: ;Lrsr:r‘;fgf;ai’;ﬁaf‘z':‘;;Qci":”é;gﬁg;f’é;'f{;‘é‘ﬁ?g‘gu 453
Q73| HL P TOBAC 1 A0 | S4TA B 0A 1D C8 T OB A S4AZ O [ B B e e et e S oy [ 4
A154AZI0_TOBAG I ADM1S3XX22 ADAISIXKZZ_TOBAC =4 V=10 0" - geranylgeranyl dighosp!
reductase, chloroplastic OS=Nicoliana tabacu
5 tr/A0A 1406 1V2/A0A140G1V2_TOBAG ribosomal protein S8 OS=Nicotiana
1r/A0A140G1¥2| ADA 140G 1V2_TOBAC e 1 2
11104 154A42J0/A0415442J0_TOBAC cysteine desullurase 1, chicropiastc-like
. Cr3=icotizna Labacum OX=4097 GN=LOC107793129 PE=4
FAOATSAAIDIADAIS4AZI0 TOBACIADATSIZTFEIADASOZTFE TOBAC gy, 1r0A1SSZTFAIAOAT532TFS_ TOBAC oysteine desulfurase 1, chloroplasio- 2 2
like OB=Nicotiana tabacum OX=4097 GN=LOGA0T7S0157 PE=4 Su=
11|A0A1SACZITIAOA 1S4CZIT_TOBAC COBW domain-containing protein 1-1ike
< 8=Nicotiana tabacum OX=4097 GN=LOC107B24330 PE=4
/A0 154CZIT|A0A 154C2IT_TOBACIIAOA SIYANBIA0ATSIYANE_TOBAG | miim B B, TORAC OB domain- containing protein 1- 2 2
Iike OB=Nicotiana tabacum OX=4097 GN=LOGI07774293 PE=4 §v=1
AOATSEVESGIA0A152V036 TOBAC rilose bisghosphate
fivase, tabacum
r}A0A 1S3 V0361404 1S3Y036_TORAC 1/40A1S4ADCEIAOATSAA0CE_TORAC [ B e avet v.r|AuA1S4A009\A0m 4009 TOBAC 2 3
ribulose bisphasphat activase,
tr/Q8FESTIQBFEST_TOBAC Mg X chelatase DS=Hicotiana
|QOFESTIAOFEST_TOBAC HAQA1SIXEVTIADATS3XEVT_TOBAG sp/022435 C |tabacurm OX=4087 GN=Sus PE=2 SV=1rA0A1 S3XEVTIADA1S3XEV7_TOBAG i -
HLI_TOBAC, r A0 1S3ZTS1|A0A 1S3Z7S1_TOBAC Mig-protoporphyfin [X chelatase OS=Nicotiana tabacun OX=4057
GN=LOC 107764312 PE=3 SV=1,5p|022436|CHLI_TDBAC Magnesium-chelata
/A0 1S4DKC4A0R 1S4DKC4_TOBAG chaperone protein dnal A8, chloroplastic-
/A0 1S4DKCA|4 041 S4DKC4_TOBAC:r ADA1SAYLSTIADATSSYLST_TOBAC:H |ike OS=Nicotiana tabacum OX=4087 GN=LOC107530728 PE=4 4 A
ADA1SACLIOIAOATSACLNVG_TOBACIHACATSAAFUBIAOA1SIAFUB TOBAG  |SV=1.r/AOA1SBYLST ACATSBYLST_TOUBAC chaperone protein dna. A6.
chioroplastic-lis OS=Nicotiana tabagum GX=4087 GN=LOC107777513 PE
tr|AOA 184B.7T|ADA184BJTT_TOBAL Tryplophan synthass O8=Nicotiana
Llarsibe il el st Tl s tabacum OX=4097 GN=LOCT07808807 PE=3 SY=1 ] 4
11/AGA1SACM VS ADA1SACAVS_TOBAC 1A0A1S4BWPBIAOA1SAEWPE_TOBACH ;’iﬂ’:;iﬁ"&‘;ﬂz%\;ﬂ2’:’;{2&:&.iﬁc?xijgz?é"n:;%gfgr?;;;Zgglgiw
TADA 1SAZRING AOKI SAZRING_TOBAC |ADA 1S4A612IA0A1SAABI2 TOBACHTA |au L 02 et SABH(PG, TOBAG 268 poctomsarme momTPase 5 4
OAISSZTASIAOATSSZTAS TOBAC regulatery subunit 2 homolog A-lika OS=Nicofiana tabacum O
tr/A0A 154AZ 15/ADA1S4AZ18_TOBAG ATP sulfurylase 1. chioroplastic-ike
. GS=Nicotiana tabacum OX=4097 GN=LOC107802851 PE=4
HHOATSAAZIEAOATEAAZIS_ TOBACIADAISSYZIDAOMSIVEI0 TOBAL o1 110 18aY 2 04GR 1937Z10_TOBAC ATR sulfurylass 7, chiaroplasticike 4 2
OS=Nicotiana tabacum OX=4087 GN=LOC 107781534 PE=4 Sv=1
1r/A0AQTBL2E ACAD7BLIEZ_TOBAC 408 riboscmal protein 825 O8=Nicotiana
_ tabacum OX=4087 GR=LOC 107765022 PE=2
IAOADTBLIEZ AGADFBLZED_TOBACNAOAISAZKISAOATSAZKTS_TUBAC  oymy irin0a182KT 20K 1532K73_TOBAC 408 ribosomal pratein S25-ike 2 2
OS=Nicotiana tabacum OX=4097 GN=LOC107787568 PE=4 SV=1
7r/A0A154CGF3 ADA1S4CGP3_TOBAC 60S ribosomal protain L1 4-2-1ike
11404 184CCP3IATA1 S4CGPE_TOBAC, |A0A 183X430/A0A 183X430_TOBAC tr| |C8=Nicoliana tabacum OX=4007 GN=LOG 107618765 PE=4
ADATSAABOTIAOA 1S4AB0T_TOBIAC IAOA 1 S4APBIIA0ATSAAPES_TOBACIIADA | SW=1,IrA0A1S3X4301A04153X430_TOBAC probable 805 ribosomal protein L14 5 4

1S4B9L9A0A1S4B0L9_TOBAL

%= Nicotiana tabacum (X=4097 GN=LOC107760861 PE=4
S¥=1trlACATS4AB07IAD
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1r|A041S3ZEQA|ADA1S3ZERS TOBAC

trlA04 1544 JLEADA1 544 JLS_TOBA G irA0A 1S4CRIG|IA0A1S4CRIS_TOBAG A0
4154AJC6|ADA1 544 108_TOBAC 1r|A0A1S4CRF2|40A1S4CRF2_TOBAC KA0A1T
SABGNA|ADATS4BGNA_TOBAC ADATS3XYY2(ADA1S3X YY2_TOBAC

1506 1S4CAT1 A0 1S4CAT1_TOBAC; ir ADATS4AAE?|A0A1S4AABT_TOBAG sp|
QOS214IACT1_TOBAC rADA1S4BAVTADATS4BAVT_TOBACHIAOA1 S4CEST|AD
A154C557_TOBACtrAQA 1S4C100jA0A154C1C0_TOBACADAISIZTS1 ADA1

BIZTSI_TOBAC ep|PO3371 ACTS_TOBAT 1rAGA 1S3X7I8|A0A15IXTFIE_TOBAC |5V

1rA0a183YSAADATSEYSA4_TOBAC

1404 1SIXET2|A0A1SIXETZ_TOBAC tr]ADA1S4DPYWI|A0ATSADPWE_TOBAC

104 1S3YFAT ADA1SZYFAT_TOBAC; Ir|A0A1S3YFOR|ACATSIYFE2_TOBAC:r A
QA1S3ZYZ3A0ATSAZYZS_TOBAC

tr|Q6QNDIOSANDI_TOBAC: tr A02 1546745404 1548745_TOBAC trlADA1S4C)
YS[A0A1S4CIYE_TOBACIIADAI SIXXAT|ADAISIXNAT_TOBAC

1r| 404154007 7|ADA1S40D77_TOBAC | AQA1S4CCE1|A0ATSICCET_TOBAC s
PlOBD3G1|RKA_TOBAC

101 SADBGA A0 154D6GA_TOBAC:r ADATS3XGI0/ADA1SEXGI0_TOBAC

|ADATSACLET ADA1S4CLBT_TOBAC

rA0A 1S4A402 ADATSIA4D2_TOBAC Ir|AOA1S4ATT2|A0A1S4ATTZ_TOBACIr A
OA1S4A4NS|A0A1S4A4NS_TOBAG

trja0ATSIXBY 2404 1S3XBY2_TOBAC |A0A1S3XE05|404 1S358Q5_TOBAC:sp|
0B0362|RK10_TOBAC

1rA0A1S3ZVREIAGA1S52YRE_TOBAC, sp|P27484|CB23_TOBAC trlACA1S3YPES|
ADA1S3YPES_TOBAC I A0A15378U2|ADA1S325U2_TOBAC tr|A0A1S3ZVQS|A0
4153ZVQ8_TOBAC, 404 1S4BMBOIAOA 154BMBO_TOBAC ITADA 1532 Y\ A0A
1832¥V8_TOBAC:tr|ADA1S3XEL1|ADATSIXEL1_TOBAC IrADATS3YWET|A0A1
SIYWET_TOBACHACA 1S3Y6T4 ADATSIYET4_TOBAC sp|F27491|CB27_TOBA
C:tr/a0A 1S3 Y8BIIA0A1SIYEBI_TOBAC I ADA1S3YEAZ/A0A1S3Y802_TOBAL:T|
[A0A1S4BCAT|AQA 1S4BCAT_TORAC: sp|P27495(CB24_TOBAC, 5p|P27496(CR25_|
TOBAC rlA0A1S3Y100 ADA1S5Y100_TOBAC;sp|P27492|CB2Z1_TOBAC; rjA0DA1S
AYDT3A0ATS3YDTE_TOBAC tr AUATS4BG28|A0A154BG28_TOBAC r ADA1S4B
GAT|ADA1S4BGA7_TOBACADAT S4ABPI2[A0A1IS4BPIZ_TOBAGTA0A1544813|
ADATSAABIZ_TOBACIIACA 154BG25 ADA154BG25_TOBACARATS4BPJ4JADA
184BP.J4_TOBAC; sp|P27483|CB22_TOBAC; ir ADA1S4BPM[A0A1S4BPM1_TOB
AC tr ADATSIVBHGAOATSIYEHE_TOBAC Hr|A0A1S3VBR2IAGAISIYER2_TOBAC
A0A153YEGA ADA1SIVEG4_TOBAC! ADA1S3YEZ0A0A153YE20_TOBAS

1404 154D708|A04154D708_TCBAC:ADA1S4DESAADA1S405S4_TOBAC KA
0A154D2I0/A0A1540210_TQBACIr ADA134D223A0A1S4D2Z3_TORAC

1r 4041540162 |A0A 154 CIB2Z_TOBAC tr40A154C086 ADA154C068_TOBAC:Ir|AD| g

ATBAAVNE|ADATSAAYNE_TOBAC i|ADA1SEXVTE|A0A153XV78 TOBAC

1r]A04 154094 AGA1S4DSEA_TOBAC IMAOA1S4CYLZIA0ATSACYLE_TOBAC

rlADA1SAZX13|A0A1832X13_TOBAC, rADA 1 SEWYRE|AQA1S3WYRE_TOBAC

tr]A0A153XHGA|ADA 153XHG4_TOBACT|A0A154AIHE|ADA1 S4AIHE_TOBAC A |G
5

0A1844854|A0A15448S4_TOBAC

irADA1S3X0YSADATISIXOYS_TORBAC

rlA0A183Z6E6|A041S325E6_TOBAC: tr ADA184DC18|A0A184DC16_TOBAG

1rADA1SACIW2E ADATS4CIV2S_TOBAC

trlAQA1S3ZEQAADATSZEQY_TOBAC GDSL esterasellipase At1g28670-like

CS=Nicotiana tabacui OX=4097 GN=LOC107785876 PE=4 Sy=1

A0 1S4AIL5 A0A1S48LS_TOBAC 268 proteasarme non- ATPase fequiatory
subunit 4 homaleg isoform X1 GS=Nicotiana tabacum QX=:
GN=LOC107798238 PE=4 SV=1 nAnA1sncmsmn,\1sacms;romc 265
protaasome non-ATPase requlatory subURit 4 hamelog isofarm X2 QS=Nico

trlA0A 1S4C071|ADA 184007 1_TOBAC adtin-like OS=Nicotiana tabacum 0X=4037
GN=LOC107821481 PE=3 BY=1,ir ADA1S4AABT|ADA1S4AABT_TOBAC actin
O%S=Nicotiana tabacum OX=4097 GN=LOC107 795436 PE=3
SplA05214|ACT1_TORBAC Actin O8=Nicotiana tabacum OX=4087 PE=3
Sv=1:t

trA0ATS3NET2|A06 133X E72_TOBAC 60S ribosomnal protein L22-3 O3=Nicotiana
tabacum OX=4097 GN=LOC107764148 PE=4
tr|40A1S4DPWE|ADA1S4DPWE_TOBAC 605 ribosomnal protein L22-3-like
o icotiana tabacu OX=4097 GN=LOC1107822173 PE=4 S¥=1

408 1S3YFAT|ACA 1S3YFAT_TOBAC flagellar radial spoke protein 5-lke iscform
%2 O8=Nicetiana tabacum OX=4087 GN=LOC107775472 PE=4

SV=1:t/A0A 1S3YFOIABATSIYFO2_TOBAC flageller radial spoke protein Slike
isoform X1 O5=Nicotiana tabacum QX=4097 GN=LOC107775

rQSAND3|QEQND3_TOBAC Putative pyridaxine biosynthesis pretein isoform A
OS Nicotiana tabacum QX=4097 GN=Pdx1-B PE=3
|ADA1S4BT4EIA0ATS4ET45_TOBAC pyridoxal 5-phosphate synthase
subumt PDX1 O8=Nicotiana tabacum OX=4087 GN=LOC107805188 PE=3 Sv=1

rlAOA 154DD7T|ADA 1 S4DD7TT_TOBAC 505 ribosomal protein L4, chioroplastic-iike
0S=Nicotiana tabacum QX=4097 GN=LOC107628567 PE=3
Sw=1:tADA1S4CCE 1ADATS4CCGT_TOBAC B0S rivosomal protein L4,
chioraplastic O8=Nicotizna tabacum OX=4D97 GN=LOGA07617573 PE=3 Sv=1
tr|ADA154DEG4{ADA 154D6G4_TOBAC 405 rivosemal protein 530 OS=Nicotiana
tabacum OX=40%7 GN=LOG107826518 PE=3

S¥=T1tr|AATS3XGI0 ADATSIRGIO_TOBAC 40S rikosomal pratein 530
OS=Nicotiana tabacum OX=4097 GN=LOG107764878 PE=3 SV=1

trlA0A 154CLBY|0A1S4CLET_TUBAC aspartate-semizldehyde dehydrogenase-
like Q&=Nicotiana tabacum OX=4087 GN=LOC107820048 PE=3 8v=1

tr]ADA154A4D2|A0A13444D2_TOBAC fe-S cluster assembly Factor HCF101,

cf pl -like isaform X2 O tabacum OX=4087 GN=LOC107 793652
PE=3 SV=1;tr|ADA 1844 TT2|ADA1S4ATT2_TOBAC fe-8 cluster assembly factor
HCF181, chloroplastic-like OS=hicotiana tab

tr|AOATSIXBY2 ADA1S3XBY2_TOBAC 508 ribosemal protein L1C, chloroplastic
icotiana tabacum QX=4097 GN=LOC1077E3454 PE=3
trlADAT1S3XBQ5|A0A1SIXBQ5_TOBAC 50S ribosomal protein L10,
chloroplastic-lika OS=Nicotiana tabacum GX=4087 GN=LOG107762422 PE=3 SV

EF]

tr|A0A 1832 VRE|ADA1S3ZVRE_TOBAC Chiorophyll a-b binding protein,
chleroplastic OS=Nicotiana tabacum OX=4097 GN=LOC107750955 PE=3

W=1;5p|P27494|CB23_TOBAC Chlorophyll a-b binding protein 38, chloraplastic
icotiana tabacum OX=4097 GN=CAB36 PE=3 SV=1tr/4

ki
O

tr|ADA 1540708 ADA1S4DT08_TOBAC uncharactarizad protain yef38-like isoform
%2 Q8=Nicotiana tabacum OX=4097 GN=LOC107526653 PE=4
SV=1;tr|ADA1S4DES4 ADA1S4DES4_TOBAC uncharacterized protein yofag-ike
isoform X1 O8=Hicotiana tabacum OX=4097 GN=LOCI07625653 PE

tr|A0A154GIB2|A0A154CIB2Z_TOBAG B0S ribasomal protein L9-1-like
icotiana tabacum OX=4097 GN=LOC107819630 PE=4

1r]A0A 1S4C06B|A0A 1S4C068_TOBAG S0S fbosomal pratain L-1-like
icotiana tabacum QX=4097 GN=LOC107813758 PE=4
BW=1:trADAIS4AYNSADAISA

tr|AOA154D9E4|A0A154DSEA_TOBAC phacphytinase, chioroplastic-ike
05=Nicotiana tabacum QX=4097 GN=LOCA07E27245 PE=4
SW=1:trlADATSACYL2|ADA154CYLZ_TOBAC pheophytinase, chloroplastic-like
icotiana tabacum QX=4097 GN=LOC107624051 PE=4 Sv=1

=

e

trA0A 1832X13ADA1832X13_TOBAC Fructose-hisphosphate aldolase
(O'S=Nicotiana tabacum QX=4097 GN=LQC107791431 PE=3,
SW=1:trlADA1SIWYRE|ADA1S3WYRE_TOBAC Fructose-bisphosphate aldolase
(O'S=Nicotiana tabacum QX=4097 GN=LOC107758368 PE=3 Sv=1

tr|A0A1S3XHGA A0A1S3XHGA_TOBAC phosphoglucomutase, cytoplasmic-like
icotiana tabacum QX=4097 GN=LOC 107765291 PE=4

1rlADA 1S4AIHB|A0A 154AIHE_TOBAC phasphoglucomutase, cyloplasmic-like
icotiana tabacum OX=4087 GN=LOC107788006 PE=4 Sy=1,0{A0A154A

O

trlADA153X0Y5|A0A 153X075_TOBAS Ferredoxin--NADP reductase, chioroplastic
O5=Nicotiana tabacum OX=4087 GN=LOC107780150 PE=3 SV=1

trlADA 193265 ADA183ZEEE_TOBAC V-lype protan ATPase subunit H
OS=Nicoiana tabacum QX=4097 GN=LOC107783503 PE=3

SV=1;1r|ADA 154D BACA 134DC 16_TOBAC V-type proton ATPase subunit H
OS=Nicotiana labacum OX=4087 GN=LOC107828022 PE=3 SV=1

tr]ADA 154625 |A0A1846W25_TOBAC probable inactive shikimate kinase like 2
chiloroplastic OS=Nicotiana tabacum OX=4097 GN=LOC 107823221 PE=4 Sv=1

3




1r]A0A1S4DNT1 ADA1SADNT_TOBAC AOA 1S32GF1|ADATSSZGF1_TORACH
ADA1SADNSA|ADA1SADNSE_TOBAC

r|ADATA0GAO1 ADAT40G101_TOBAC

1r] 061 S4DC28|ADA1840028_TOBAC 1404 153X 053|204 153X053_TOBAG: 1A
OA1SIWZIMT|A0A1SIWZMT_TOBAC IADATS4DCES|ADATS4DCES_TOBAC

1rA0A1S3XCYE|ADA1SIXCYE_TOBAC TAOATS4CTSIADA1S4CTSI_TOBAC

r|ADA T SACEW0 ADA1S4CBIWD_TOBAC: r ADA 1S4CEDRAOATS4CEDS_TOBAC
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triA0A 1S4DNT1 |A0A1S4DNT1_TOBAC Eukaryatic ranslation iritiation factor 3
subunit | OS=Micatiana tabacum OX=4097 GN=LOC107831798 PE=3

Sv=1:trla0A 1832 GF 1|A0A183ZGF1_TOBAC Eukaryotic translation initiation factor
3 subunit | OS=Nicotiana tabacum OX=4097 GN=L

tr|A0A 140G 101|A0A140G1Q1_TOBAC ribosomal protein S2 OS=Nicotiana
tabacum OX=4087 GN=rps2 PE=3 SV=1

tr|A0A154DC28|A0A154DC26_TOBAC glutathianyk-hydroguinena reductase YgjG-
like: isoform X2 O8=Nicotiana tabacum OX=4097 GN=LOC107828221 PE=4
Si=1:1r/A0A [ADATSEX055_TOBAG inona reductase
YaiG-like isoform X2 OS=Nicotiana tabacum 0x=4

r|AQA 153IXCYEIADA 1SIXCYE_TOBAC Protein transport protein Sect 1 subunit
beta O8=Nicotiana tabacLm OX=4097 GN=LOG107783814 PE=3
SW=1:trlADA1S4CTS3 ADA1S4CTS2_TOBAC Protein transport protein Secd
subunit beta OS=Nicetiana tabacum OX=4097 GN=LOC107816002 PE=3

tr|A0A1SACEWOIADA 1SACBWE_TOBAC dihydrolipoyl dehydrgenase 2,

JA0A1SACKA4| A0 1SACKA4_TOBAC trA0ATSACEA A0A1SACEWA_TOBAG: |
OA183ZTWT ADA1SIZTWT_TOBAC:Ir ADA154AZ)1|A0ATS4AZI1_TOBAC.Ir ADA
183Z2NG|ADA1S3Z2N3_TOBAC ADA 1832750 AA1S3Z750_TOBAG

1|A0ATSAARQ1TIAGA154ARGT_TOBAC tA0A1S3Z100/ADA1S3Z100_TOBAC

1r|A0ATSAAATIIA0A 1544473_TOBAC k|ADA1SIXMDSEIA0A 1S3XMDS_TOBAC k|
ADAIS4AAIZIADATS4AATZ_TOBAC I A0ATS3YRY3|A0ATSIYRY3_TOBACAD
A183YRGEBIADAISIYRGE_TOBAC

tr|ADA 1 SAZKZ4|ADA1S3ZKZ4_TOBAC; i ADA1S32828|A0A 1537828 _TOBAC sp|Q
42962|PGKY_TOBAC M AGA1S4CGRT ADATS4CGR1_TOBAC TJA0A154BTZ7|A0
A1S4BTZ7_TOBAC

1404 1S3Z6N 1/A0A1S3Z6N 1_TOBAC:INADAIS3YPJSADAS3YPI3_TORAC

1rA0A1S4AFKD ADAISAAFKO_ TOBAC Ir|ADA1S4AKSE ADA1S4AKSE_TOBAC

1r| 404 1540123|A041540123_TOBAC tr|A0A154BRE4 ADA1S4BRE4_TOBAC tr|A0
A 154BRGEIADA1S4BRGE_TOBAC;Ir/ AT 1S4BRES|ADA1S4BRES_TOBAC ADA
154BRE2[40A1SIBREZ_TOBAG

|ADATSACNISIADATSACNIE_TOBAC TADATS4CTAS ADA154CT89_TOBAC

1r|A0ATSADGZADAISMDGZS_TOBACIH ADATSIXIZF|A0ATSIXIFE_TOBAC

tr|ADATSAZKMB|ADATSIZKIG_TOBAC:IAOATSIYCRE AOAI S3YCRE_TOBAC|
540EE|QB4QEE_TOBAC 1A DA1S4GLKS|A0A1S4CLKS_TOBACIINAOA153ZHE
£|ADA183ZHBE_TOBAC ADA1S3XL 3 ADA1S3XLS3_TOBAC:sp Q40459]PSBO
_TOBAGAOA1S4BSA2|A0A1S4BSAZ_TOBAC

tr|A0A1SIXIXG|A0A1SIKIXE_TOBACHHA0A1SBMBA|A0A1S4BMBA_TOBAC
tr|A0A 1S4CIKT|A0A1SACIKT_TOBAC trAOA1S3YQ39/40A153YQ38_TOBACHrA0)

ATSIZIVAA0A1SIZIY4_TOBAC tr|A0A1SIZ039|A0A1S3Z039_TOBAC tr]AQA1S
4ANLOJADATS4ANLD_TOBAC triA04 153 YHK3|AGA 153YHKI_TOBAC

like isoform X3 OS=| tabacum (X=4097 GN=LOGA07816379
PE=3 SV=1 404 1S4CEDB|40A1 SCSDB_TOBAC dinycrolipoyl dehydrogenase
2. like isoform %2 O taba

trlA0A1S4ARCT ADA184ARQ1_TOBAC calcium sensing receptor, chloroplastic-
like OS=Nicatiana tabacum QX=4087 GN=LOC107800572 PE=4
Sv=1:trADATSAZ100|A0A1S3Z100_TOBAC calcium sensing receptor,
chioroplasticlike DS=Nicotiana tabacum £X=4067 GN=LOC107751783 PE=4

trlA0A 1S4A472IA0A1S44473_TOBAC ATP-citrate synthase beta chain protein 2-
like OS=Micotiana tabacum OX=4097 GN=LOC10T753548 PE=4

S¥=1.trlAQA 1S3XMDSIADA TS BXMDS_TOBAC ATP-citrate synthase beta chain
protein 2-like OS=Nicotiana tabacum OX=4087 GN=LOC107765662
trlA0A153ZKZ4|A041 537K24_TOBAC Phosphoglycerate kinase DS=Nicotiana
tabacum OX=4057 GN=LOC107787830 PE=3

SV=1:tr/A0A 1S37628|40A 1532828_TOBAC Phosphoglycerate kinase
CS=Nicotiana tabacum OX=4097 GN=LOGC 107783850 PE=3
Sv=15pIQ42862|PGKY_TOBAC Phosphoglycerat

tr|A0A153ZEN1|A0A1S3Z6N1_TOBAL

2. chioroplastic-like O8=Nicotiana tebacum DX=4087 GN=LOC107783418 PE=4
Sy=1:trADATSEYPJG|A0A1SIYPJ3_TOBAG glyoxylate'succinic semialdehyde
reductase 2, chioroplastic-like OS=Micot

trlAOA154AFKO|A0A1S44FKD_TOBAC Thiamine thiazole synthase, chicroplastic
Ci8=Nicotiana tabacum OX=4097 GN=LOCA07797053 PE=3

SY=1:trlADA 1544 KSEIAOA1S4AKSE_TOBAC Thiamina thiazola synthase,
chloroplastic OS=Nicotiana tabacum OX=4097 GN=LOC107796781 PE=3 SV=1

trA0A1SADI23|AATSADI23_TOBAC glysine—tRNA ligase,

Zulike O tabacum OX=4087
GN=LOC107830076 PE=3 SW="1tr A0A1S4BRE4|AGATS4BRE4_TOBAC glycine--
tRNA ligase, rondrial 2 isofam X4 Of tabacu

tr|A0A1SACNIS|ACAISACNIS_TOBAC presequence prataase 1,
chloroplastic/mitochondrial-like O8=Nicotiana tabacum OX=4097

GN=LOC 107820951 PE=4 SV=1.tr ADA1S4CT89|40A154C789_TOBAG
presequence protease 1, o tabacum
x4

A0 1S4DGZYIA0 1S4DGZ9_TCBAC probable plastic-lipid-associsted protein
13, chloroplastic OS=Nicotiana tabacum OX=4087 GN=LOC107828677 PE=4
SV=1:trlADA 1S3X395IADATSX305_TOBAC probable plastid-lipid-asseciated
protein 13, chioroplastic OS=Nicotiana tabacu

tr|A0A153ZKMB|AOA 1S3ZKMS_TOBAC oxygen-evobing enhancer protein 1,
chioroplastic-like OS=Nicotiana tabacum CX=4097 GN=LOC107787712 PE=4
SV=1:trlA0A1S3YCRB|A0ATSIYCRE_TOBAC omygen-evaling enhancer protein 1,
chloroplastic-like OS=Nicotiana tabacum GX=4087

triA0A1S3XIXG|A0A 1S3XIXE_TOBAC 2,3-dimethylmalate lyase-like DS=Nieotiana
tabacum OX=40%7 GN=LOC 107765651 PE=4

Sv=1:1tr ADA1S4BMB4 ADATS4BMBA_TOBAC 2,3-dimethyimalate lyase-like
CS=Nicotiana tabacurn OX=4097 GN=LOC107809818 PE=4 Sy=1

/A0 1S4CIK7|A0A1S4CIKT_TOBAC ATP=ilrate synthase alpha chain protein 2-
like OS=Nicotiana tabacum OX=4087 GN=LOC107318406 PE=4
Sw=1:trlA0A183YQ39|A0A183Y(039_TOBAC ATP-citrate synthase alpha chain
protein 2 OS=Nicotiana tabacum OX=4037 GN=LGC107778359 PE=
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C.3 Supplementary Material for Publication 2.3

Supplementary material is available at https://www.frontiersin.org/articles/10.3389
fpls.2022.935819 /full. Accessed: 26-July-2022.

S. Tomaz, K. Gruden and A. Coll. “TGA Transcription Factors — Structural
Characteristics as Basis for Functional Variability,” Frontiers in Plant Science, vol. 13,
no. 935819, 2022.
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Supplementary Fig. 1. Targeted long-read sequencing confirms the presence of mini-TGAs in
potato genome. a, Schematic representation of a ~36.5 kbp region on chromosome 10 in the double-
monoploid (DM) potato reference genome v6.1 (Pham et al., 2020), encompassing the three tandemly
repeated StTGA genes, St7GA2.1, StTGA2.2 and S§t7GA42.4 (ROI). All three genes are located on the
negative strand. Approximate annealing sites of primer pairs used in targeted long-read sequencing are
indicated, with primer pair A (blue arrows) targeting all three genes, and primer pair B (grey arrow)
targeting a central part of the ROI. The primers are listed in Supplementary Table 11. b, Screenshot,
showing the read mapping (purple). obtained through targeted long-read sequencing of the ROl in the
tetraploid potato cultivar Rywal, to the potato reference genome v6.1 (Pham et al., 2020). Complete
sequence coverage {mean depth 569 at 99.6 % coverage of the ROI) confirms the presence and
organization of the three StTGAs. Gene organization with several predicted alternative splicing
variants, as represented in the DM genome with corresponding transcript TDs, is depicted at the bottom
of'the figurc.
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Supplementary Fig. 2. PVY replication in the second salicylic acid-deficient transgenic line
overexpressing StTGA2.1. Relative expression levels of St7GA2.1 in three NahG transgenic lines
overexpressing St7GA2. 1 (TGA2.1-NahG), a, linc 7 (L7), b, linc 12 (L12) and ¢, linc 13 (L13), threc
hours after dexamethasone (DEX) treatment, compared to non-treated plants (control). Average values
+ standard error from three biological replicates for DEX treatment and a, two or b, ¢, three replicates
for control are shown. Relative expression levels of d, PVY and e, St7GA2.7 in PVY-infected leaves
of DEX-treated TGA2.1-NahG L7 (white) and NahG (light grey) plants at 3. 5 and 7 days post
infcction (dpi). Average values =+ standard crror from three biological replicates arc shown. a — e,
Significance was determined using a two-tailed #test. f, Phenotypic differences in TGA2.1-NahG L12
and L13, NahG and non-transgenic potato (NT) plants at 32 dpi. Plants from different genotypes are
delineated with white dotted lines.
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Supplementary Fig. 3. Protein interaction analysis shows the mini-TGA StTGA2.1 can form
homodimers in planta and in vitro. a, Co-immunoprecipitation assay positive controls for GFP,
showing the detection of GFP-lagged SITGAs afller immunoprecipitation (GFP-IP) in the protein-
interaction analysis samples (Fig. 3b). The combination of GFP and HA-tagged proteins expressed in
N. benthamiana is indicated for each sample (+/-). b, Negative controls for GFP, showing the HA-
tagged proteins do not interact with GFP alone. ¢, Additional controls, showing individual GFP-tagged
StTGAs could be detected in the leaf protein extracts (input) and GFP-1P samples. The HA-tagged
StTGA2.1 alone was detected in the input, while none of the individual HA-tagged StT'GAs were
detected in after GFP-IP. a=¢, Arrows indicate expected bands. d, Size exclusion chromatography
elution volume of a purified Hiss-tagged StTGA2.1. e, The protein standard calibration curve used to
caleulate its oligomeric state. The StTGA2.1 elution volume (orange dot) in relation to the protein
standard (black diamonds) corresponds to an ~63 kDa large protein, which is twice the size of a
monomer (~33 kDa}. Protein sizes arc depicted next to each standard marker. f, StTTGA2.1 oligomeric
state on SDS-PAGE gel, before (monomer) and after crosslinking (crosslinked), showing the formation
of homodimers at ~60 kDa and higher order complexes at ~90, ~160 kI>a and above. Two protein
amounts per treatment were loaded.
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Supplementary Fig. 4. Protein interactions between StTGAs and StNPR cofactors in yeast.
StTGA2.1, StTGA2.2, and StTGA2.3 interactions with SINPR 1 and StNPR3/4 in the yeast two-hybrid
assay. Yeast were co-transformed with bait (BD) and prey (AD) construct combinations and selected
on control media witheut Leu and Trp (-L.-W). Positive interactions were determined by yeast growth
on selection media without Leu, Trp, His and Ade, with added X-a-galactosidase and Aureobasidin A
(-L-W-H-A+Xgal+Aur). The effect of salicylic acid (SA) on interaction strength was determined by
yeast growth on the same selection media with added 0.1 mM or 1.0 mM SA.



180 Appendix C. Supplementary Material of Included Publications

RFP GFP chlorophyll overlay

RFP GFP chlorophyll overlay

+, 160%m

Supplementary Fig. 5. Diverse localization patterns of StTGA2.1. Subcellular localization of GFP-
tagged StTGA2.1 (yellow) with H2B-RFP nuclear marker (red) and chloroplast autofluorescence
(green) in N. benthamiana |caves, showing a, StTGA2.1 enrichment around chloroplasts (asterisk) and
b, localization in the ER (white arrows). a, b, Protein fluorescence is represented as the z-stack
maximum projection. Orange lines depict the image section close-up. Scale bars, a, 50 pm and b, 100
pm.
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Supplementary Fig. 6. StTGA2.2 and StTGA2.3 subnuclear formations. Subnuclear localization
of GFP-tagged a, StTGA2.2 and b, StTGA2.3 (vellow) with H2B-RFP nuclear marker (red) in .
benthamiana leaves. a, b, Protein fluorescence is represented as the z-stack maximum projection. Scale
bars, 25 pum.
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a b

TGA2.1-NahG NahG

Supplementary Fig. 7. RNA-sequencing sampling procedure and gene expression analysis Venn
diagram. a, Lcsions with their immediate surrounding arca were cut-out from PVY-inoculated Icaves
at four days post infection and pooled for RNA-sequencing analysis. Mock-inoculated leaf sections of
similar size were sampled as controls. b, Venn diagram of differentially expressed genes from RNA
scquencing between PVY and mock-inoculated TGA2.1-NahG, NahG and NT plants. Genes with
adjusted p-value < 0.03 and |log2FC| < -1 were considered significantly differentially expressed. U,
up-regulated genes; D, down-regulated genes.
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Supplementary Fig. 8. Interaction between StTGA2.1 or StTGA2.1 premixed with StTGA2.3
and selected TGA-binding sites and transactivation assay repetition, a, Surface plasmon resonance
results, showing no interaction between the SITGA2.1 protein and the chip-immobilized PRX15p_1,
PRX46p, PRX07p 1 or PRX07p_2 DNA fragments, bound to the chip at ~77, 42, 55, or 60 response
units (RU), respectively. Representative sensorgrams are shown. b, Interaction analysis belween
StTGA2.3 alone (solid line) or premixed with StTGA2.1 (dashed line) and the chip-immobilized
PRX15p 1, PRX07p | or PRX07p 2 DNA fragments, bound to the chip at ~105, 105 or 48 RU,
respectively. ¢, Transactivation assay repetition. showing in planta StPRX07 promoler activation by
GFP-tagged StTGA2.1 (light orange), BFP-tagged StTGA2.3 (dark orange) or a combination of both
(black). BFP or GFP-tagged controls and their combination (control) were used to detect the basal
promoter activily (grey). Average values * standard error of 17 biological replicates in the [irst 10 h
of measurement are shown. Significance was determined using a two-tailed #-test and is shown below
the response curve for GFP-tagged StTGA2.1 (light orange), BFP-tagged S1TGA2.3 (dark orange) or
a combination of both (black) compared with control.
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Supplementary Fig. 9. Comparative structural analysis and persistent contacts in dimers of
StTGA2.1 and StTGA2.2. Molecular architectures of StTGA2.1 (orange) and StTGA2.2 (blue)
proteins. The StTGA2.2 bZIP domain (aa 158-211) is shown. The N-termini of StTGA2.1 {aa 1-45)
and SITGA2.2 (aa 1-129) are not shown for visual clarity. The C-terminal part is highly conserved
between StTGA2.1 (aa 47-240), StTGA2.2 (aa 222-446), and StTGA2.3 (aa 105-327) (F'ig. a). Amino
acid residues forming persistent contacts in the leucine zipper, according to molecular dynamics
simulations, are shown in bold. Basic amino acid residues that may contribute to DNA-binding are
depicted and labelled. Non-conservative substitution sites in the putative DOG1 domains are also
represented as liquorice.
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Supplementary Fig. 10, Probability density of residues of SITGA2.2 forming contacts with a
dimer partner, The truncated protein forming a dimer with StTGA2 .2 is specified in ¢ach plot (i.c.,
StTGAZ.1, StTGA2.2, or StTGA2.3). A maximum distance of 7 A between C.. atoms in a pair of
residues was established. Bars with a standard deviation > 50% of the probability density are
considered transient contacts in the simulations and are not included in these plots. In the StTGA2.2-
StTGA2.2 and StTGA2.2-StTGA2.3 dimers the main interacting sites in StTGA2.2 are Tyrl182,
Vall83. Leul86, Serl89, Argl90, Leul93, Leul96, Glul97. Leu200, GIn201, Ala203 and Arg204.
The same interacting sites are kept in StTGA2.1-StTGA2.2, except for Glul97. In the simulations,
StTGAZ.1, StTGA2.2 and StTGA?2.3, are truncated, keeping the amino acids 1-43, 159-206, and 42-
89, respectively.
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Supplementary Tables

Supplementary Table 1. A list of identified StTGA orthologues including basic protein
information. Protein sequence lengths, molecular weight (Mw) and theoretical pl, calculated with the
ProtParam tool (Gasteiger et al., 2005), and StTGA domain prediction based on Prosite (de Castro et

al., 2006).

No. Gene ID Chromosome Length (aa) My (KDa) pl Domain 1 Domaln 2
1 Sotub01g009430 1 327 3834 861 bZIP DOG1
2 Sotub04g010500 4 369 41,66 6.20 bZIP DOG1
3 Sotub04g022350 4 369 4157 546 bZIP DOG1
4 Sotub04g027470 4 361 40.88 6.68 bZIP DOG1
5 Sotub06g007640 5 483 53.10 6.51 bZIP DOGY
8 Sotub06g031310 6 503 55.94 6.53 bZIP DOG1
7 Sotub109020240 10 488 55563 6.26 bZIP DOG1
8 Sotub109022140 10 461 5224 6.47 bZIP DOG1
k] Sotub10g022550 10 438 48.23 7.18 bZIP DOG1
10 Sotub10g022560 10 270 30.49 5.69 ° DOG1
11 Sotub10g022570 10 271 30.51 6.00 - DOGT
12 Sotub11g020650 11 324 36.17 8.86 bZIP DOG1
13 Sotub11g025820 11 435 48 80 6.91 bZIP DOG1

14 Sotub129025350 12 348 38.56 6.92 bZIP DOG1
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Supplementary Table 2. Differential expression of StTGAs in NT and NahG genotypes after viral
infection. Microarray data showing StTGA gene expression comparisons between PVY- and mock-
inoculated plants at 1, 3 and 6 days post inoculation (dpi), adapted from Baebler et . (2014). Only
statistically significant values (FDR adjusted p-valuc < 0.05) are shown, given as logaI'C. Cell shading

based on log2FC values: blue, down-regulated; orange, up-regulated.

NT NahG
Gene ID Microarray ID 1 dpi 3 dpi 6 dpi 1.dpi 3dpi € dpi
Sotub04g010500 MICRO.14906.C1 B - 1.04 - .
MICRO.14906.C2 - - 077 - 079
MIGRO. 14906 C3 - 093 068 048 EEI
POAED18TP . 045 . - .
Sotub04g022350 MICRO.7564.C1 096 - . - .
Sotub01g009430 MICRO.14316.C1 - - . - .
MICRO.14867.C1 034 0.68 042 054 - 0.28
WICRO.8878.C1 062 - . - 0.53
POACAISTP 064 039 - - 060
Sotub10g022550 MICRO.7441 G EEE 03 082 -0.80 105 [Zea
WICRO.7474.C3 085 -1.06 . - .
Sotub10g022560 bi_anayxoo_0075508.t7m sof - - - 211 198
WICRO.7474.C2 041 - 034 - 0.80
MICRO.7474.C5 - - - 044 0.87
STMHL35TY -0.80 - - 0.70 1.72
Sotub10g022570 MIGRO.7474 C6 114 123 068 - -
Sotub04g027470 bi_anayxxx_008Bh0S.{7m. scf 082 - . - .
WICRO.11212.C1 - - 041 . -0.46 068
MICRO.9918.C1 037 0.46 . -0.48 -0.47
STMGMB4TH oo [EE -1.00 - .44
Sotub0Bg031310 bi_suspcx_0045g08 7m scf - - - - 071
Sotub10g020240 bf_ivrootxx_ 0054207 t3m scf 049 -0.59 - - - -
Sotub11g025820 MICRO.14778.C1 067 078 115 071 1.23 222
MICRO.3439 C1 099 087 098 041 0385
Sotub05g007640 WICRO.15058.C1 . - . - 074

POADB11TP
POADB11TY
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Supplementary Table 3. Differential gene expression in salicylic acid-deficient transgenic plants
overexpressing StTGA2.1 after viral infection (available as an Excel file). RNA sequencing results
table showing gene expression comparisons between dexamethasone (DEX)-treated mock-inoculated
plants (TGA2.1-NahG vs. NahG and TGA2.1-NahG vs. NT) and comparisons of DEX-treated PVY-
vs mock-inoculated plants of all three genotypes, given as logoFC and adjusted p-value. Additionally,
comparisons between DEX- and control-treatments (DEX vs. control) are shown for PVY and mock-
inoculated TGA2.1-NahG plants, as controls. For each gene, the ITAG or PGSC identifier, description
and a MapMan ontology functional gene group (BIN) (Ram3ak et al., 2014) with BIN number, is listed.
Only the first BIN mapping is shown. FDR adjusted p-values below 0.05 are depicted in red. TMM
normalized reads counts and raw read counts for each of the three biological replicates per genotype
per treatment are shown. Cell shading based on log:FC values: blue, down-regulated; orange, up-
regulated.
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Supplementary Table 4. Technical validation of RNA sequencing results with PCR. Comparison
of five differentially expressed genes obtained from RNA sequencing results (RNA-Seq) with qPCR
analysis for TGA2.1-NahG, NahG and NT plants 4 days afler viral infection (PVY- vs. mock-
inoculated plants comparison), given as logaIFC. Gene expression ratios with TDR adjusted p-value <
0.03 are underlined. Cell shading based on logzFC values: blue, down-regulated; orange, up-regulated.

TGAZ2 1-NahG NahG NT
Gene Name Gene ID RNA-Seq qPCR RNA-Seq qPCR RNA-Seq qPCR
StACX3 Sotub10g008540 205 207 221 211 146 150
Stcs Sotub01g027350 1.55 147 149 0.52 087
StPtis Sotub02g020180 437 385 538 2.14 533
sewas S sz s
SITGA2A Sotub10gD22560 -0.26 -0.37
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Supplementary Table 5. Enrichment of differentially regulated genes in salicylic acid-deficient
transgenic plants overexpressing StTGA2.1 after viral infection (available as an Excel file). Gene
Set Enrichment Analysis results table showing MapMan ontology functional gene groups (BINs)
(Ramsak et al., 2014) enriched in up-regulated or down-regulated genes in TGA2.1-NahG, NahG or
NT plants after PVY infection. Functional groups, significantly enriched (FDR corrected q-value <
0.05) in at least one of the three genotypes, are listed. (+), enriched in up-regulated genes; (), enriched
in down-regulated genes.
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Supplementary Table 6. Classification of selected potato peroxidases. Genes [rom the MapMan
peroxidase functional group (BIN 26.12) (Ramsak et al., 2014) were named and classified according
to BLAST results in the RedoxiBase database (Savelli et al., 2019). All hits with E-value equal to zero
or best hits with E-valuc above zero (*) are listed for cach gene. The presence of scerctory signal
peptides was predicted with SignalP 5.0 (Almagro Armenteros et al., 2019). (+), signal peptide; (-),
no signal peplide predicted; (+/—) signal peptide predicted in at least one of several sequences assigned
to the same gene [1); bold, the three peroxidases included in target confirmation.

Gene ID BLAST Hits Classification Secretory signal Peptide
PGSC0003DMG400020437 StPRX05, SIPRXG2, StPRX72 class Il peroxidase -
PGSCO003DMG400025492 StPRX72, SIPRX52 class |l peroxidase +
PGSCO003DME400025621 StPRX20, StPRX09, StPRX28. StIPRX50 class Il peroxidase -
PGSCOD03DNG400026575 SIPRX19, SIPRXDZ, SIPRX15 class ||l peroxidase +/-
PGSCODD3DME400032147 SIPRX12, SIPRX10 class Il peroxidase +
Sotuh0 19006690 StPRX20, StPRX0g class |l peroxidase +
SotubD1g042120 SIPRX28, SIPRX50 class |1l peroxidase +
Sotub02g022480 SIPRX72, SIPRX52 class |l peroxidase +
Sotub02g022490 StPRX72, SIPRX52 class Il peroxidase +
Botub02g023700 StPRX05 class Il peroxidase +
Sotub02¢027910 StPRX12, SIPRX10 class Il peroxidase -
Sotub02¢031070 StPRX19, SIPRX02 class Il peroxidase +
Sotub02g035680 StPRX15 class |l peroxidase +
Solub02g037370 SIPRX19* class |l peroxidase +
Sotub03g007340 StPRX46 class Il peroxidase +
SotubD3g010400 SIPRX19, SIPRXD2 class |l peroxidase +
SotubD3g015450 SIPRX24 class |l peroxidase +
Sotub04g026530 StPRX14 class Il peroxidase +
Botub04g026540 StPRX11, SIPRX17 class |l peroxidase +
Sotub04g026550 StPRX11, SIPRX17 class Il peroxidase +
Sotub05g006810 StPRX7S class Il peroxidase -
Sotub05¢024920 StPRX47, SIPRX16 ¢lass Il peroxidase +
Sotub06g009790 StPRX47, SIPRX16 class Il peroxidase +
Sotub06g032420 StPRX71 class Il peroxidase +
BotubDBg033210 StPRX25 class Il peroxidase +
SotubDBg006050 StPRX27 class |l peroxidase +
SotubDBg11580 StAPx-R ascorbate peroxidase related -
Botub08g017100 StPRX40 class Il peroxidase +
Sotub08g007100 StPRX03, StPRX04 class Il peroxidase +
Sotub09g020950 StPRX07 class Il peroxidase +*
Sotub10g024780 SIPRX03 class Il peroxidase +
Sotub11g008570 SIPRX58 class Il peroxidase +
Sotub 119029720 SIPRX51* class |l peroxidase +
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Supplementary Table 7. Biological validation of RNA sequencing results with gPCR. Relative
expression of three class [1I peroxidase genes as obtained by RNA sequencing (RNA-Seq) and gPCR
analyses for both TGAZ2.1-NahG lines, line 7 (I.7) and line 12 (1.12), NahG and NT plants 4 days afier
viral infection (PVY- vs. mock-inoculated plants comparison), given as log2l'C. Gene expression ratios
with FDR adjusted p-value < 0.05 are underlined. Cell shading based on log2FC values: blue, down-
regulated; orange, up-regulated.

TGA2.1-NahG NahG NT
GeneName  Gene ID RNA-Seq 4PCR L7 GPCR L12 RNA-Seq 4PCR RNA-Seq 4PCR
SIPRX07 Sotub09g020950 8.87 386 713 354 519 343
StPRX15 Sotub029035680 114 159 015 0.2¢ 427 342
StPRX46 Sotub03g007840 3.92 324 2.88 221 423 1.84

STGA21 Sotub 10022560 a4 [IEE 0.10 0.21 -0.07 0.26 050
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Supplementary Table 8. Statistics of interactions between the StTGA2.2 homodimer and DNA
in molecular dynamics simulations. Total frequency of hydrogen bond, salt bridge interactions, and
hydrophobic contacts (*) between the protomers of the SITGA2.2 homodimer and the two DNA
strands (DNA1 and DNA2) in five independent molecular dynamics simulations of 200 ns. TFor
hydrophobic contacts, a maximum distance of 4 A between Cp atoms in the protein and the methyl

group in a thymine was established.

SITGA2.2 DNA1 Frequency f % SITGA2 2 DNA2 Frequency { %

K160 A8 19 8 ) 25 K180 - B N B ,

R163 T 90 - 82 63 59 R163 T7 33 34 - 20 4
R163 A3 28 20 - R163 - - - - - -

R184 A8 27 28 1 18 . R164 T7 360 e g 1o 1

Q167 7 1 - 22 20 17 Qie7 6 1 5 14 8 10
N188 A3 4 15 g 7 7 N168 c3 3079 19 iaa e
N188 T4 26 16 24 23 28 - - - - R .

R188 Tz 290 ol sg 4 g R169 T2 g s g bl e
AT T-4 16 20 38 20 24 A171* T5 21 34 3\ 33 44
A7 T2 430 aoq ot ol s Al72 T2 370038 3B a0 iad
R173 c-1 22 85 17 32 24 R173 G1 39 E] ] 12 20
R173 G1 120 8= e T 2 R173 c-1 - & i 1112
5175 T4 78 80 54 59 83 8175 C-4 80 59 58 49 57
R178 G1 260 T3plEliRi Al g R176 a1 i3 R0 s
R176 - - - - R176 c-1 22 24 22 24 27
R178 T4 Spi i R s ) R178 c4 59 ds s 4l =8
R178 G5 18 - s8 17 24 R178 T5 13 14 28 24 22
K179 G3 18 7 Sl K178 T-3 Gl PR
K18a A2 22 38 30 28 3 K180 A2 37 48 30 33 a7
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Supplementary Table 9. Statistics of interactions between the StTGA2.1 in heterodimer and
DNA in molecular dynamics simulations. Total frequency of hydrogen bond, salt bridge interactions,
and hydrophobic contacts (*) between SITGA2.1 in the SITGA2.1-SITGA?2.2 heterodimer and DNA
in five independent molecular dynamics simulations of 200 ns. For hydrophobic contacts, a maximum
distance of 4 A between Cp atoms in the protein and the methyl group in a thymine was established.

StTGAZ.1 DNA Frequency / %

R7 G1 - 10 - 22
R T2 2l o0 e
R11 G1 31 12 20 27 12
R11 c1 A3 s 50 o
R20 T5 27 5 22 18 0
R20 c4 ELYE oYL S e )
R24 T3 28 22 15 24 22
A13* T-3 12, 82 3 5 27
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Supplementary Table 10. Molecular dynamies simulations-based protocol for structure
refinement of free and DNA-bound TGA dimers. [n the equilibration phases, there is a gradual
change in temperature, time step, and the posilion restraint potentials. Atom velocities are re-
distributed using five different sced numbers to initiate Cquilibration_6. With that, five independent
trajectories are generated for conformational sampling. Applied potentials are either simple harmonic
restraints (H) or [lat-bottom potentials (FB). During and alier Equilibration_5. the positien restraint
potentials are applied only to the residues forming the leucine heptads. “Backbone™ refers to both the
backbone atoms of TGA proteins and DNA.

Position Restraints

Simulation Phases Time Step Total Time Temperature
Backbone Type Side Chain Type

Equilibration_1 1.000 H ©.100 H 1fs 2ns 10015 K
Equilibration_2 1.000 H 0.050 H 2fs 1ns 200.15 K
Equilibration_3 1.000 H 0.025 H 2fs 1ns 25015 K
Equiiibration_4 1.000 H 0000 H 2fs 1ns 30018 K
Equilibration_5 0.500% H 0.000 2fs 4ns 32015 K
Equilibration_& 0.250* H 0.000 2fs 5x2ns 34015 K
Equilibration_7 0125 H 0.000 4fs 5x12ns 360.15 K
Equilibration_8 0.050* H 0.000 4fs 5x128ns 34015 K
Equilibration_9 0.025% H 0.000 4fs Ex64ns 32015 K
Equilibration_10 0.250% FB 0.000 4fs 5x 100 ns 20815 K

Sampling 0.000 - 0.000 4fs 5x128ns 28815 K

#Posilion restraints applied to Ca only.
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Supplementary Table 11. Primers used for cloning and sequencing (available as an Excel
file).
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Supplementary Table 12. Primers and probes nsed for gPCR analysis. F, forward: R, reverse; I, probe.

Gene Name Gone Dascription Gena D PrimaniProbo Sequenca {5'-3) Amplicen Efficiancy
StACX3 soy-Can oxidase Satub 109008540
Stcs citrate synthase Soub010027350 Bacblor f al. (2014)
StPRX28" clags Il paioxidase Sotub 16042120, Sotub029011690
F: GEARGAARTACAGAGGCGTACGA
StPiis ethylene responsive factar Sotub02g020180 R: CATACTCTCGCAGGETETETAG 53t
P: FAM-TTCGGCAGCGTATTTT-NFQ
F: ATCTCTTGCTACTGAAGEGTCAT
StTGAZ1 TGA transcription factor Sotub 109022560 R: CCATAGCGGATT GCCATGTGACTTAT 0%
P: FAM-COBBAGATECAGCTTATAAT-NFQ
Sorb03g020950 F: GTTGGAATCGCACATTGTAATTTT
StPRX07 class Il peroidase (CLCHNDe14_1 16472, CLOINRYZ 25372, R: AGOTGOTAATGTAGGATGCATAGTCTT res
CLGANRY3 20098, VnDes_126154)" P: FAM-TCCAAGATAGGCTATCGCCOGTACSTG-Z2n lowa Black TV FQ
Sonb023035650 F: GACTACAAACAAACAGATCACTICACCTA
SPRX15 class |Il paroxidase gi}.(%iﬁa&“g_g;;??fgﬂlg}:ﬁlz:;g;?ﬁs. R: GADGAAGCAGTCGTGGAAGAS BD%
VanDet_313635, VnDes_485887 P: FAM- TAGCGCOGCCGECATCCT 2en lowa Black TH F&
Sowb03g007840 F: GBECGGTTGEETCAGTT
StPRX46 s Il peroxidase (G e AT, LA s, R: GAATGAGAGATGCTCCCATTCG %
\anDe! 768505, YdnDes, 443887 P: FAM-TGGCGGAAGCTATIGOGAGGGA Zen lowa Black TM FQ
Steoxt cylochrome axidase Sotub04g015050 Wellar et al. (2000]
StEF-1 elongation factor Sotub08g0 10680 Bacbler et al. (2009)
PVY Uniu PAY coat profein 4J330300 Kogovek of af. (2008}

* Previously named POX (Bacbler et al
= For qPUCI assay design we used se

2014).
nenees abtained fram cullivar Rywal and cul

s referenee transerfplome(Peiek et al, 20200 as wmplale, Only transerfpts, amcled by the assay, are
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Supplementary Table 13. Primers used for targeted genome sequencing.

Primer Pair Primer Name

Sequence (5'-3')

WO100007-NIB-1_TF
WO100007-NIB-1_TR
WO100007-1_3F
WO100007-1_3R

A

GAGGCAARATACGTGAAGCTAARAG
AGAGCACGGGCTGATTGTCT
GCTACGCCTTTGCAGCATAT
ACAGGAAAAGCAACTCTGGCT
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Supplementary Table 14, Complementary primers used for preparation of promoter
DNA fragments.

Gene Name and ID Promoter Fragment Primer Name Sequence (§5-3")

PRXOTp_1 perg50p_1F GTTACTACTCGAGCGTGTGCCCAACGTCACAATCC
SPRXOT - pers50p_1R GGATTGTGACGTTGGGCACA
Setub09g020950 PRXO7p_2 peres0p_2F GTTACTAGTCGAGCGTTAGGGGTGACGTTTCCAAT

- perg50p_2R ATTGGAAAGGTCAGCCCTAA

SIPRX15 per680p_1F GTTACTAGTCGAGCGTTTAATAATGATGACATTTG
Sotub02g035680 Rrxior ] pers8op_1R CAAATGTCATCATTATTAAA
SIPRX46 [ pergd0p_1F GTTACTACTCGAGCGTGAACCTGAGGTCAACCGTT

Sotub03g0uT7840 per840p_1R ARCGGTTGACCTCAGGTTCA
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Supplementary Table 3 is available at http://projects.nib.si/sensors/results/. Accessed: 13-
October-2022.
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¥ Table 5. Enri of

regulated genes in salicylic acid-deficient transgenic plants overexpressing StTGAZ.1 after viral infection. Gene Sat
Enrichment Analysis results table showing Maphan ontology functional gene groups (BINs) {Raméak et al., 2014) enriched in up-regulated or down-regulated genes in TGA2 1-NahG,

NahG ar NT plants after PVY infection. Functional groups, significantly enriched (FDR carrected g-value < 0.05) in at least one of the three genolypes, are listed. (+), enriched in up-

reguiated genes; (-, enriched in down-regulated ganes

PVWY vs. mock
BIN Functional group Size TGA2.1-NahG NahG NT
1 FS 426 - - -
11 P8.LIGHTREACTION 330 et 3 =
1.4 PS.LIGHTREACTION.PHOTOSYSTEM Il 141 - - -
1.1.1.1 PS.LIGHTREACTION. PHOTOSYSTEM IL.LHC-II 32 s £y {
1112 PS.LIGHTREACTION. PHOTOSYSTEM IL.PS|I POLYPEPTIDE SUBUNITS 108 - - -
G P5.LIGHTREAGTION. PHOTGSYSTEM | 45 - - -
1122 PS.LIGHTREACTION PHOTOSYSTEM LRSI POLYPERTIDE SUBUNITS 32 - - -
114 PS.LIGHTREACTION ATP SYNTHASE 30 -
116 PS.LIGHTREACTION.NADH DH 42 - -
13 PS.CALVIN CYCLE 58 = = =
2213 MAJOR CHO METABOLISM.DEGRADATION.SUGROSE.INVERTASES 28 +
222 MAJOR CHO METABOLISM. DEGRADATION. STARCH 37 =
81 TCA fORGANIC TRANSFORMATION. TCA 52 +
e MITOCHONDRIAL ELECTRON TRANSPORT / ATP SYNTHESIS.NADH-DH (TYPE I) 74 + =
211 MITOCHONDRIAL ELECTRON TRANSPORT / ATP SYNTHESIS.NADH-DH (TYPE 1) COMPLEX | 21 +
1051 GELL WALL.GELL WALL PROTEINS.AGPS a7 +
10.511 CELL WALL.CELL WALL PROTEINS AGFS.AGP 30 +
106 GCELL WALL DEGRADATION 243 -
10.6.2 CELL WALL. DEGRADATION. MANNAN-XYLOSE-ARABINOSE-FUCOSE 74 +
11.2.4 LIPID METABOLISM FA DESATURATION OMEGA B DESATURASE 28 +
116 LIPID METABOLISM.LIFID TRANSFER PROTEINS ETG 85 -
1327 AMINO ACID METABOLISM. GEGRADATIGN HISTIDINE 33 +
1812 SECONDARY METABOLISM ISOPRENCIDS MEVALONATE PATHWAY 47 +
16.1.5 SECONDARY METABOLISM.ISOPRENCIDS. TERPENGIDS 155 +
16.10 SECONDARY METABOLISM SIMPLE PHENOLS 38 +
16.5.99 SECONDARY METABOLISM SULFUR-CONTAINING MISC 24 - -
165991 SECONDARY METABOLISM. SULFUR-CONTAINING MISC ALLIINASE 24 - -
1713 HORMONE METABOLISM ABSCISIC ACID INDUCED-REGULATED-RESPONSIVE-ACTIVATED 32 = 5
172 HORMONE METABOLISM AUXIN 351 - -
1723 HORMONE METABOLISM AUXIN INDUCED-REGULATED-RESFONSIVE-ACTIVATED 287 = e
1741 HORMGNE METABOLISM.CYTOKININ. SYNTHESIS-DEGRADATION 35 - -
17T HORMONE METABOLISM. JASMONATE &4 + “+
178 HORMONE METABOLISM SALICYLIC AGID 22 +
2017 STRESS BIOTIC.PR-PROTEINS 208 + + +
20171 STRESS BIOTIC.PR-PROTEINS PR1 (ANTIFUNGAL } 33 +
20173 STRESS BIOTIC.PR-PROTEINS. PR3/4/6/11 (CHITINASES AND CHITIN BINDING PROTEINS) 44 + + +
26.12 MISC PERQXIDASES 139 +
28189 MISC PLASTOCYANIN-LIKE 44 o
621 MISC.PROTEASE INHIBITOR/SEED STORAGEILIPID TRANSFER PROTEIN {LTP) FAMILY PROTEIN 17 -
2625 MISC SULFOTRANSFERASE 48 -
26.28 MISC GDSL-MOTIF LIPASE 134 -
26.3.2 MISC GLUCO- GALACTO- AND MANNOSIDASES BETA-GALACTOSIDASE 22 e
269 MISC GLUTATHIONE § TRANSFERASES 90 + + +
27332 RNAREGULATION OF TRANSCRIPTION.WRKY DOMAIN TRANSCRIPTION FACTOR FAMILY o7 + +
273863 RNA REGULATION OF TRANSCRIPTION. PHD FINGER TRANSCRIPTION FACTOR 48 +
27364 RNA REGULATION OF TRANSCRIPTION PHOR1 pil *
27.3.8 RNA REGULATION OF TRANSCRIPTION.C2C2(ZN) DOF ZINC FINGER FAMILY 41 -
2813 DNA SYNTHESIS/CHROMATIN STRUCTURE HISTONE 83 a + i
28.1.3.2 DNA SYNTHESIS/CHROMATIN STRUCTURE HISTONE.CORE 76 + - +
281321  DNASYNTHESISICHROMATIN STRUCTURE HISTONE.CORE H2A 2 + +
281323 DNA SYNTHESIS/CHROMATIN STRUCTURE HISTONE .CORE H2 20 + + +
22.2.1.11 PROTEIN.SYNTHESIS RIBOSOMAL PROTEIN.PROKARYOTIC.CHLOROPLAST 103 e i
2621111 PROTEIN SYNTHESIS RIBOSOMAL PROTEIN PROKARYOTIC.CHLOROPLAST.308 SUBUNIT 35 - -
2821112 PROTEIN.SYNTHESIS.RIBOSOMAL PROTEIN.PROKARYOTIC.CHLOROPLAST.50S SUBUNIT 68 - -
26242 PROTEIN SYNTHESIS RIBOSOMAL PROTEIN EUKARYGTIC 324 + +
262121 PROTEIN 8YNTHESIS RIBOSOMAL PROTEIN EUKARYOTIC 408 SUBUNIT 123 + +
222122 PROTEIN.SYNTHESIS. RIBOSOMAL PROTEIN.EUKARYQTIC.60S SUBUNIT 200 + +
2651120 PROTEIN DEGRADATION UBIQUITIN.PROTEASOM 73 + +
298 PROTEIN ASSEMBLY AND COFACTOR LIGATION 75 - -
304 SIGNALLING IN SUGAR AND NUTRIENT PHYSIOLOGY & + + +
3011 SIGNALLING IN SUGAR AND NUTRIENT PHYSIOLOGY MISC 63 + + *
30.2.81 SIGNALLING RECEPTOR KINASES LEUCINE RICH REPEAT VIILTYPE 1 20 =
30216 SIGNALLING RECEPTOR KINASES CATHARANTHUS ROSEUS-LIKE RLK1 79 +
30217 SIGNALLING.RECEPTOR KINASES DUF 26 94 +
30219 SIGNALLING RECEPTOR KINASES LEGUME-LECTIN 38 - +
30299 SIGNALLING RECEPTOR KINASES MISC 206 iy o
3410 TRANSPORT.NUCLEOTIDES 47 - -
3413 TRANSPORT PEPTIDES AND OLIGOPEFTIDES 123 ot
3515 NOT ASSIGNED,NO ONTOLOGY PENTATRICOPEPTIDE (PPR} REPEAT-CONTAINING PROTEIN 416 + -
35.1.27 NOT ASSIGNED NO ONTOLOGY. TETRATRICOFEPTIDE REPEAT (TPR] 289 i
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TargetType  TargetName  Target ID/Reference  Application Assay Primer Name Sequence (5-3')

coding sequence StNPR1 Sotub07g011600 confirmation/sequencing na StNPR1 middle Fw GTCTGAATTCCCCCTGGCTAG

coding sequence SINPR1 1600 na SINPR1 middle Rv ACAAATAGGCGAGCACACTGA

coding sequence StNPR3/4 Sotub029015550 confirmation/sequencing na SINPR3/4a middle Fw GCAAGTGCTGAGACAACAGC

coding sequence StNPR3/4 ing na StNPR3/4a_middle Rv. ACAAATAGCTTAAGAAAGTACGGAAAG

coding sequence StTGA2.2 na StTGA2.2 middle Fw GCTTCTAGTCAATCAGTTGGAGC

coding sequence StTGA2.2 na SITGA2.2 middle Rv TTTGATTTCTATCATCTCCATCCATGT

coding sequence StTGA2.3 Sotub01g009430 confirmation/sequencing na StTGA2.3_middle_Fw TCTCAGGGAATCGAATCACTGC

coding sequence StTGA2.3 Sotub01g009430 confirmation/sequencing na SITGA2.3 middle Rv TGATTGATCTCCTGAACTTGAAACAT

coding sequence StTGA2.3 Sotub01g009430 digestion-ligation cloning cell-free protein synthesis MPNO11 TGA2.3 F AGAGGTCTCIAATGGCAGACGTCAGTGCTATG

coding sequence StTGA2.3 Sotub01g009430 dig i ! cell-free MPNO12 TGA2.3 midl R AGAGGTCTCITGATCTCTGGTTTTGTCACTTGCATCG

coding sequence StTGA2.3 Sotub01g009430 digestion-ligation cloning cell-free protein synthesis MPNO13 TGA2.3 midl F AGAGGTCTCIATCAAAAGACGCTTCGTAGGCTTTCC

coding sequence StTGA2.3 Sotub01g009430 di i I cell-free MPNO14 TGA2.3 mid2 R AGAGGTCTCIGAGTCTCAGCCAATGACTGTTGCAG

coding sequence SITGA2.3 Sotub01q009430 digestion-ligation cloning  cell-free protein synthesis MPNO15 TGA2.3 mid2 F AGAGGTCTCIACTCTGGCAGGCTCTCTTGGACC

coding sequence StTGA2.3 Sotub01g009430 di cell-free MPNO16 TGA2.3 R AGAGGTCTCICGAACCCTCTCGGGGACGGGCAAGC

coding sequence mTagBFP2 Stark etal. (2018) fusion cloning transactivation assay C_mTAGBFP2_linker2 GGTGGTGGCGGTGGAGGTATGGTGTCTAAGGGCGAAGAGCTGATT

coding sequence mTagBFP2 Stark et al. (2018) fusion cloning transactivation assay D mTAGBFP2 ATTAAGCTTGTGCCCCAGTTTGCTAGG

coding sequence StTGA2.3 Sotub01g009430 fusion cloning transactivation assay A TGA2.3 CACCATGGCAGACGTCAGTGCTATGACTGAT

coding sequence StTGA2.3 Sotb01g009430 fusion clonin transactivation assay B TGA2.3 linker2 TCCACCGCCACCACCCTCTCGGGGACGGGCAAGCCA

coding sequence StTGA2.1 Sotub109022560 ligation independent cloning protein production in E. coli TGAS560 LIC F TACTTCCAATCCAATGCCGCAGCAATGGATGCAATGGGTGATAGGGA

coding sequence StTGA2.1 Sotub10g022560 ligation independent cloning - protein production in E. coli TGAS550,560 LICR TTATCCACTTCCAATGTTATTATTGCTCTCGTGGTCTGGC

coding sequence StTGA2.1 Sotub10q022560 PENTR cloning localization, assay  Sotb100022560 PENTR Fw CACCATGGATGCAATGGGTGATAGGGA

coding sequence StTGA2.1 Sotub109022560 PENTR cloning localization, assay  Sotub10g022550 560 no stop Rv  TTGCTCTCGTGGTCTGGCA

coding sequence StTGA2.2 Sotub10g022550 PENTR cloning localization, assay tub10gO0: PENTR_Fw CACCATGCCCAGTTTCATTTCTCAGATTC

coding sequence StTGA2.2 Sotub10q022550 PENTR cloning localization, assay  Sotubl0g022550 560 no stop Rv TTGCTCTCGTGGTCTGGCA

coding sequence StTGA2.3 Sotub01g009430 PENTR cloning localization, assay PENTR F CACCATGGCAGACGTCAGTGCTATG

coding sequence StTGA2.3 Sotib01g009430 PENTR cloning localization, assay ) no_stop_Rv CTCTCGGGGACGGGCAAG

coding sequence StNPR1 Sotub07011600 PJET cloning sequence analysis, further cloning SINPRL F ATGGATAGTAGGACTGCTTTTTCG

coding sequence StNPR1 Sotub07g011600 PJET cloning sequence analysis, further cloning SINPR1 R CTATTTCCTAAAAGGGAGATTATTGGGC

coding sequence StNPR3/4 Sotb02q015550 pJET cloning sequence analysis, further cloning SINPR3/4a_F ATGGGAAGTTCTGCTGAACC

coding sequence StNPR3/4 Sotub020015550 PJET cloning sequence analysis, further cloning SINPR3/4a R TCATAGGTTCCTAGCTTTGACACTTG

coding sequence StTGA2.1 Sotub10g022560 PJET cloning sequence analysis, further cloning tga2 Sotub560 F ATGGATGCAATGGGTGATAGG

coding sequence StTGA2.1 Sotub10q022560 pJET cloning sequence analysis, further cloning t9a2 Sotub550 560 R TTATTGCTCTCGTGGTCTGG

coding sequence StTGA2.2 Sotub109022550 PJET cloning sequence analysis, further cloning tga2 Sotub550 ATGCCCAGTTTCATTTCTCAGA

coding sequence StTGA2.2 Sottib109022550 pJET cloning sequence analysis, further cloning tga2_ Sotub550 F1 ATGGCAGATTCTGGTTCTCG

coding sequence StTGA2.2 Sotub109022550 PJET cloning sequence analysis, further cloning tga2 Sotub550 560 R TTATTGCTCTCGTGGTCTGG

coding sequence StTGA2.3 Sotub01g009430 PJET cloning sequence analysis, further cloning tga2 Sotub430 F ATGGCAGACGTCAGTGCTATGA

coding sequence StTGA2.3 Sotwib01g009430 pJET cloning sequence analysis, further cloning tga2_Sotub430 R TTACTCTCGGGGACGGGCAA

coding sequence StNPR1 Sotub07g011600 in vivo cloning yeast two-hybrid assay NPR1_pGADT7_Fw é;?fgg:;?msGcCAGTGAATTCCACATGGATAGTAGGACTGCTTTTTCG

coding sequence StNPR1 Sotub079011600 in vivo cloning yeast two-hybrid assay PGBKT7_NPR1_F A:?;(C:AGAGGAGGACCTGCATATGGCCATGGATAGTAGGACTGCTTTTTCG

coding sequence StNPR1 Sotub07g011600 in vivo cloning yeast two-hybrid assay NPR1_pGADT7_new_Rv éﬁ:?gffgmemcmGATGGATCTATTTCCTAWGGGAGA"A"GGG
AGAGGCCCCAAGGGGTTATGCTAGTTATGCCTATTTCCTAAAAGGGAGATT

coding sequence StNPR1 Sotub07g011600 in vivo cloning yeast two-hybrid assay NPR1_pGBKT7_new_Rv ATTGGGCTTATCTAG

coding sequence StNPR3/4 Sotub02g015550 in vivo cloning yeast two-hybrid assay NPR3/4A_pGADT7_Fw ‘T\TGGCCATGGAGGCCAGTGAATTCCACATGGGAAGTTCTGCTGAACCATCA

coding sequence. SINPR3/A Sob02g015550 nvivo cloning Jeast wo-hybrid assay NPR3/4A_pGBKT? Fu TAT(T:';C_/;GAGGAGGACCTGCATATGGCCATGGGAAGTTCTGCTGAACCATCA

coding sequence StNPR3/4 Sotub02g015550 in vivo cloning yeast two-hybrid assay NPR3/4A_pGADT7_Rv AICICCLECISC LS RIEEAICE A CAIACS I CRIAC BT a SIS e

coding sequence StNPR3/4 Sotub02g015550 in vivo cloning yeast two-hybrid assay NPR3/4A_pGBKT7_Rv 2§¢$§§:§CCAAGGGGTTATGCTAGTTATGCTCATAGGTTCCTAGCTTTGAC

coding sequence STGA2.1 Sotub109022560 invivo cloning yeast two-hybrid assay TGA2.1_pGADT7_Fw égi%‘éc”GG‘GGCCAGTG‘A"CCAC”GGATGCA‘TGGGTGAT‘GGG“

coding sequence StTGA2.1 Sotub10g022560 in vivo cloning yeast two-hybrid assay TGA2.1_pGBKT7_Fw ATCTCAGAGGAGGACCTGCATATGGCCATGGATGCAATGGGTGATAGGGAA

coding sequence StTGA2.1 Sotub10g022560 invivo cloning yeast two-hybrid assay TGA2.1_2.2_pGADT7_Rv ATCTGCAGCTCGAGCTCGATGGATTTATTGCTCTCGTGGTCTGGCAAGCC

coding sequence StTGA2.1 Sotub10g022560 in vivo cloning yeast two-hybrid assay TGA2.1_22_pGBKT7_Rv AGAGGCCCCAAGBGGTTATGCTAGTTATECTTATTGCTCTCETEETCTGEC

coding sequence StTGA2.2 Sotub10g022550 in vivo cloning yeast two-hybrid assay TGA22_pGADT7_Fw é:‘é$$CATGGAGGCCAGTGAA"CCAC”GCCC‘GTTTCAT"CTCAGHTC

coding sequence StTGA2.2 Sotub10g022550 invivo cloning yeast two-hybrid assay TGA2.2_pGBKT7_Fw g;gﬁ?gmcAGGACCTGCATATGGCCATGCCCAGTTTCATTTCTCAGATFC

coding sequence StTGA2.2 Sotub10g022550 in vivo cloning yeast two-hybrid assay TGA2.1_2.2_pGADT7_Rv ATCTGCAGCTCGAGCTCGATGGATTTATTGCTCTCGTGGTCTGGCAAGCC

coding sequence StTGA2.2 Sotub10g022550 invivo cloning yeast two-hybrid assay TGA2.1_2.2_pGBKT7_Rv AGAGGCCCCAAGGGGTTATGCTAGTTATGCTTATTGCTCTCGTGGTCTGGC

coding sequence StTGA2.3 Sotub01g009430 invivo cloning yeast two-hybrid assay TGA2.3_pGADT7_Fw é;?fgCATGGAGGCCAGTGAA"CCAC‘TGGCAGACGTCAGTGCTATGACT

coding sequence StTGA2.3 Sotub01g009430 in vivo cloning yeast two-hybrid assay TGA2.3_pGBKT7_Fw é;ﬁ;gAGAGGAGGACCTGCATATGGCCATGGCAGACGTCAGTGCTATGACT

coding sequence StTGA2.3 Sotub01g009430 in vivo cloning yeast two-hybrid assay TGA2.3_pGADT7_Rv ATCTGCAGCTCGAGCTCGATGGATTTACTCTCGGGGACGGGCAAGCCA

coding sequence SITGA2.3 Sotub01g009430 in vivo cloning yeast two-hybrid assay TGA23_pGBKT7_Rv ACAGGCCCCAAGGEGTTATGCTAGTTATGCTTACTCTCOGEGACEEGCAA

promoter StPRX07 na p7 per950 F1 CACCGTCAAATTTGAACGGACCATAATGGG

promoter StPRX07 na P950(12) 1000 ACCAAACTACATACCTTAGGATAATGACT

promoter SIPRX07 na P950(f4) 2460 CCAACGTCACAATCCTTAACCTCC

promoter StPRX07 na P950(r2) 2500 GTGTGGGCTCGAGACATCG

promoter StPRX07 na P950(13) 1500 ATCTCTCAATCATTCCATCTAAAACCC

promoter SIPRX07 na P950(r4) 800 GGTTTATTCAGAAAGTCAGCATCCCG

promoter StPRX15 g na p2_per680_F1 CACCTCCTGCTAATGACACGTATCCCT

promoter SIPRX15 na P680(f2) 1100 CCTAACTTTAAATTGGGAGGACAAAACA

promoter StPRX15 na P680(f4) 2650 CACTCATATTTTCAGAGCTCTAATATCA

promoter StPRX15 na P680(r2) 2300 GGATATTCTTGTATGTGAATGAGGCAA

promoter StPRX15 na P680(r3) 1400 ATGCTGCTTCTATTATTTTCTCTGC

promoter StPRX15 na P680(r4) 500 ACAAGAGTGTTGGGGATAGGACG

promoter StPRX46 na P840(f2) 750 CCCCAACCACTCTTAATACAATCATATTTAC

promoter StPRX46 na P840(r2) 750 GTAAATATGATTGTATTAAGAGTGGTTGGG

promoter StPRX07 Sotub09g020950 PENTR cloning promoter analysis, transactivation assay p7 per950 F2 CACCGTCGACTAGGCTGTTGTGTCTTA

promoter StPRX07 Sotub09g020950 PENTR cloning promoter analysis, transactivation assay p7 per950 R1 GATGTTAATGAAATCAACACACCCAAACT

promoter StPRX07 Sotub09g020950 PENTR cloning promoter analysis, transactivation assay p7 per950 R2 CAATAGTTTCAGTTTGTGGACATGTTG

promoter StPRX15 Sotub02g035680 PENTR cloning promoter analysis p2_per680_F2 CACCTGAAACAAACAAGAGGTGTCAGAGG

promoter SIPRX15 Sotub020035680 PENTR cloning promoter analysis p2 per680 R2 TGGACATGATCTCCGGTAATAAGC

promoter StPRX46 Sotub03g007840 PENTR cloning promoter analysis p3 per840 F2 CACCCAATCAGCAGCCATATAAAGTAAGC

promoter StPRX46 Sotb03g007840 PENTR cloning promoter analysis p3_per840_R2 CTTGAGTTAACATTTCTGAATTTTGCTC

vector PENTR Invitrogen (USA) confirmation/sequencing  na M13 Forward (-20) GTAAAACGACGGCCAG

vector Invitrogen (USA) confirmation/sequencing na M13 Reverse CAGGAAACAGCTATGAC

vector PJETL2/blunt  Thermo Scientfic (USA) ~ confimmatior/sequencing  na PIETL.2 Forward Sequencing Primer  CGACTCACTATAGGGAGAGCGGC

vector PJET1.2/blunt Thermo Scientific (USA)  confirmation/sequencing na PJET1.2 Reverse Sequencing Primer AAGAACATCGATTTTCCATGGCAG

vector PMCSG7 (2009) na T7 prom primer (forward) TAATACGACTCACTATAGGG

vector PMCSG7 Eschenfeldt etal. (2009) confirmation/sequencing  na T7 ter primer (reverse) GCTAGTTATTGCTCAGCGG

vector PTA7002 Aoyama & Chua (1997)  confirmation/sequencing na PTA7002 F ACCTCGATCGAGATCTTCGCA

vector pTA7002 Aoyama & Chua (1997)  confimation/sequencing  na PTA7002 R GTGTGGGCAATGAAACTGATGC

vector PEPQDOKN0025 Dudley etal. (2021) confirmation/sequencing na ‘QMDO060 TAATACGACTCACTATAGGG

vector PEPQDOKN0025 Dudley etal. (2021) confirmation/sequencing na QMDO061 CTAGTTATTGCTCAGCGGT

vector PEPQDOKNO025 Dudley etal. (2021)  confimation/sequencing  na QMDO62 TCGCCACCTCTGACTTGAG

vector PEPQDOKN0025 Dudley et al. (2021) na QMDO063 TATGGTATTGATAATCCTG
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TGA transcription factors are essential regulators of various cellular processes,
their activity connected to different hormonal pathways, interacting proteins
and regulatory elements. Belonging to the basic region leucine zipper
{bZIP) family, TGAs operate by binding to their target DMA sequence as
dimers through a conserved bZIP domain. Despite sharing the core DhA-
binding seguence, the TGA parslogues exert somewhat different DNA-
binding preferences. Sequence variability of their M- and C-terminal protein
parts indicates their importance in defining TGA functional specificity
through interactions with diverse proteins, affecting their DMA-binding
properties. In this review, we provide a short and concise summary on
plant TGA transcription factors from a structural point of view, including
the relation of their structural characteristics to their functional roles in
transcription regulation.
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Introduction
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the year of 1989 {Katagiri e 2l 1989). Named after their hallmark binding site, the TGA
factors became known for their regulation of defense-related genes through interaction
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receplor and master regulator of plant immunity {(Wa et al, 2002; Backer et al,
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