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Summary

In a world with a constantly growing population, improving crop yields is necessary to ensure food
security. However, plant diseases severely impact crop yields, and breeding efforts to enhance plant
immunity can be limited by trade-offs between immune activation and growth. Yet, the molecular
mechanisms behind these growth-immunity trade-offs remain largely unknown. Therefore, the aim of
this work was to investigate the influence of pattern-triggered immunity (PTI) on mitotic cell cycle
regulators during root growth inhibition (RGI).

Previous findings indicated that the intensity of the immunity-related RGI varies depending on the
plant growth medium used. In this thesis, PTI responses in Arabidopsis thaliana (A. thaliana) roots
grown on two standard growth media were compared. Depending on the medium, roots exhibited a
much stronger response to elicitor flg22 (the active epitope of bacterial flagellin), in terms of RGI,
reactive oxygen species production as well as immunity gene induction, and this was largely
independent of gelling agent or media buffering. Using fluorescent PTI reporter lines, it was also
shown that depending on the growth media used, different root zones responded to PTI elicitor
treatment. Together, the findings that growth media can have a strong influence on PTI levels might
be helpful for researchers to employ suitable growth conditions for PTI studies.

In the second part of this thesis, to gain a better understanding of the growth-immunity cross-talk, the
expression of key cell cycle regulator genes was analyzed after PTl activation by exogenous application
of the flg22 elicitor to A. thaliana roots. The results showed that the expression of various cell cycle
regulators (e.g. CYCLIN DEPENDENT KINASE B2;1 (CDKB2;1) and CYCLIN D1;1 (CYCD1;1)) was reduced
during flg22-induced PTI. Furthermore, the effect of flg22 treatment on key cell cycle regulator protein
levels in Nicotiana benthamiana was investigated, and it was found that flg22-triggered PTI may
disrupt protein accumulation (e.g. CYCD2;1).

Finally, it was shown that supporting the cell cycle by overexpressing some cell cycle regulators (e.g.
CDKB2;1) could reduce root growth inhibition caused by flg22 treatment in A. thaliana. Together,
these results support that during RGI, immune activation by flg22 treatment may directly affect cell
cycle regulators and that over-activation of various cell cycle regulators can uncouple immunity- and
growth-related processes. This may potentially help breeding strategies to obtain disease resistant

crops with unimpaired growth.



Zusammenfassung

In einer Welt mit einer stiandig wachsenden Bevolkerung ist die Verbesserung der Ernteertrage
notwendig, um die Ernahrungssicherheit zu gewahrleisten. Pflanzenkrankheiten wirken sich jedoch
stark auf die Ernteertrage aus, und Zichtungsbemiihungen zur Verbesserung der Pflanzenimmunitat
kénnen durch negative Wechselwirkungen zwischen Immunaktivierung und Wachstum eingeschrankt
werden. Die molekularen Mechanismen hinter den negativen Wechselwirkungen zwischen Wachstum
und Immunitat sind jedoch weitgehend unbekannt. Ziel dieser Arbeit war es daher, den Einfluss der
auf der Erkennung von konservierten molekularen Mustern basierenden Immunitat (Pattern-triggered
immunity (PTI)) auf mitotische Zellzyklusregulatoren wahrend der Hemmung des Wurzelwachstums
zu untersuchen.

Frihere Erkenntnisse deuteten darauf hin, dass die Intensitat der immunitatsbedingten Hemmung des
Wurzelwachstums je nach verwendetem Pflanzenwachstumsmedium variiert. In dieser Arbeit wurden
PTI-Reaktionen in Wurzeln von Arabidopsis thaliana (A. thaliana) Pflanzen verglichen, die auf zwei
Standardwachstumsmedien wuchsen. Im Allgemeinen zeigten die Wurzeln je nach Medium eine mehr
oder weniger starke Reaktion auf Behandlung mit dem Elicitor flg22 (das aktive Epitop des bakteriellen
Flagellins) hinsichtlich der Wurzelwachstumsinhibition, der Produktion von reaktiven
Sauerstoffspezies und der Induktion von Immunitatsgenen, und dies war weitgehend unabhangig vom
Geliermittel oder der Pufferung des Mediums. Mithilfe fluoreszierender PTI-Reporterlinien konnte
auBerdem gezeigt werden, dass je nach verwendetem Wachstumsmedium unterschiedliche
Wourzelzonen auf die Behandlung mit PTI-Elicitor reagierten. Die Erkenntnis, dass Wachstumsmedien
einen grolRen Einfluss auf die Pflanzenimmunitat haben kénnen, kdnnte fiir Forscher hilfreich sein, um
geeignete Wachstumsbedingungen fiir PTI-Studien zu finden.

Im zweiten Teil dieser Arbeit wurde, um ein besseres Verstandnis der Wechselwirkung zwischen
Immunitat und Wachstum zu erlangen, die Expression wichtiger Zellzyklusregulatoren nach PTI-
Aktivierung durch exogene Anwendung des Elicitors flg22 auf A. thaliana-Wurzeln analysiert. Die
Ergebnisse zeigten, dass die Expression verschiedener Zellzyklusregulatoren (z. B. CYCLIN-DEPENDENT
KINASE B2;1 (CDKB2;1) und CYCLIN D1;1 (CYCD1;1)) wahrend der durch flg22 induzierten PTl reduziert
wurde. Dariiber hinaus wurde die Wirkung der flg22-Behandlung auf die Proteinakkumulation
wichtiger Zellzyklusregulatoren in Nicotiana benthamiana untersucht und es wurde festgestellt, dass
die durch flg22 ausgeldste PTI die Proteinakkumulation (z. B. CYCD2;1) storen kann.

SchlieRlich konnte die Unterstiitzung des Zellzyklus durch Uberexpression verschiedener
Zellzyklusregulatoren (z. B. CDKB2;1) die durch die flg22-Behandlung in A. thaliana verursachte
Wurzelwachstumshemmung reduzieren. Zusammen zeigen diese Ergebnisse, dass wahrend der

Wurzelwachstumshemmung die Immunaktivierung durch die flg22-Behandlung Zellzyklusregulatoren



direkt beeinflussen kann, und dass durch die Uberaktivierung verschiedener Zellzyklusregulatoren die
negativen Wechselwirkungen zwischen Immunitat und Wachstum entkoppelt werden kdnnen. Dies
konnte moglicherweise dabei helfen Ziichtungsstrategien zu entwickeln, um krankheitsresistente

Pflanzen mit ungestértem Wachstum zu erhalten.
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1 Introduction

1.1 Improving crop stress resistance under changing climates

The United Nations estimates that the growing world population will reach 9.7 billion by 2050 and
10.9 billion by 2100 (United Nations, 2019). It is anticipated that achieving food security, which aims
to ensure access to sufficient, safe and nutritious food by all people, will be an extremely challenging
for humanity. Factors like global warming, loss of culturable soil and arable land, loss of biodiversity
will further enforce the need for more efficient food production (Tilman et al., 2011). The World
Resources Institute predicts that to feed nearly 10 billion people in 2050, more than 50% more food
will have to be produced compared to 2010 (World Resources Institute, 2019).

One of the imperatives to meet this demand is to be able to enhance crop yield. However, plant
pathogens causing diseases can dramatically reduce crop yield. It was estimated that plant pathogens
may cause around 14% of global crop loss per year (Vyska et al., 2016). Alarmingly, recent studies
showed that climate change may further intensify plant diseases and their devastating effects on crops
by increasing abundance and spreading of existing pathogens, promoting the emergence of new
pathogenic strains, and changing host-pathogens interactions (Singh et al., 2023). This may result in
dramatic plant disease outbreaks and severe crop loss. For example, a recent study predicted that
under climate change, the Triticum pathotype of the fungal pathogen Magnaporthe oryzae, which
leads to wheat blast disease, may dramatically spread especially in the Southern Hemisphere,
considerably affecting global wheat production (Pequeno et al., 2024). Root diseases are expected to
worsen due to global warming as well. For instance, Delgado-Baquerizo et al. projected a global atlas
of soil-borne plant pathogens and future climate predictions, and showed that there might be a
significant boost in the abundance of soilborne pathogens worldwide (Delgado-Baquerizo et al., 2020).
In order to meet the increasing demand of food and ensure the global food security, it is vital to
produce crops resistant to pathogens. To achieve this, it is crucial to have a comprehensive

understanding of plant immunity.



1.2 Plant innate immunity

Plants encounter a diverse range of organisms during their lifetime. These organisms can affect plants
in positive (growth-promoting mutualists, e.g. Serendipita indica), neutral (commensals) or negative
ways (pathogens) (Raaijmakers et al., 2009; Yu et al., 2019b). To fight against pathogens, plants are in
a continuous evolutionary arms race with microbes (Dodds & Rathjen, 2010; Jones & Dangl, 2006).
Unlike mammals, plants lack an adaptive immune system as they neither have mobile specialized
immune cells nor a circulatory system (Andolfo & Ercolano, 2015). Instead, they have a cell
autonomous innate immunity, which relies on the detection of pathogens by receptors and the
activation of defence responses (Andolfo & Ercolano, 2015; Jones & Dangl, 2006). Plant innate
immunity is thought to be two-layered, encompassing pattern-triggered immunity (PTI) and effector-
triggered immunity (ETI) (Jones & Dangl, 2006).

PTl is based on the recognition of conserved microbe-associated molecular patterns (MAMPs). There
are many MAMPs in nature but some of the most studied and well-known ones are the following: a
22 amino acids long epitope of the bacterial flagellin protein (flg22), an 18 amino acid long epitope of
elongation factor Tu (EF-Tu), necrosis and ethylene-inducing peptide 1-like proteins (NLPs), enigmatic
MAMP of Xanthomonas (eMax), polygalacturonases, and active epitope of chitin (chi7) (Albert et al.,
2015; Goémez-Gdémez & Boller, 2000; Gust et al., 2007; Jehle et al., 2013; Kaku et al., 2006; Kunze et
al.,, 2004). MAMPs are recognized by specific pattern-recognition receptors (PRRs) at the plasma
membrane. PRRs are receptor-like kinases (RLKs) or receptor-like proteins (RLPs) (Newman et al.,
2013). One of the well-studied RLKs is FLAGELLIN SENSITIVE 2 (FLS2), which was first identified in the
model plant A. thaliana (Gémez-Gomez & Boller, 2000). FLS2 has an extracellular domain of 28
leucine-rich repeats (LRRs), which plays role in recognition of flg22, a transmembrane (TM) domain
and an intracellular serine/threonine kinase domain (Gomez-Gémez & Boller, 2000). LRR and kinase
domains were shown to be necessary for binding of flg22 (Gémez-Gémez et al., 2001). Binding of flg22
to FLS2 initiates recruitment of BRI-ASSOCIATED RECEPTOR KINASE 1 (BAK1), which forms a
heteromeric complex with flg22-bound FLS2 (Albert & Felix, 2010; Sun et al., 2013). Upon pattern
recognition, complex downstream signalling pathways are activated and a broad range of cellular
responses occur such as increasing of Ca%*in both cytoplasm and nucleus, reactive oxygen species
(ROS) burst, MITOGEN-ACTIVATED PROTEIN KINASE (MAPK) phosphorylation, which activates a wide
range of immune responses such as the expression of PTl-associate genes (Birkenbihl et al., 2017,
Boudsocq et al., 2010; Jacobs et al., 2011; Jeworutzki et al., 2010; Zhou & Zhang, 2020). As a result, a
broad-spectrum resistance is established to stop the pathogen.

In addition, upon biotic or abiotic stress, damage-associated molecular patterns (DAMPs) can trigger

and likely amplify PTI responses as well (Boller & Felix, 2009; Chuberre et al., 2018; Rzemieniewski &



Stegmann, 2022). Unlike MAMPs, DAMPs are endogenous molecules of the host organism (Boller &
Felix, 2009). Pep1l is one of the DAMPs that has been identified in A. thaliana. It is cleaved from the
precursor protein PROPEP1, which is produced in response to abiotic and biotic stress and Pep1 is
detected by the RLKs PEP-RECEPTOR 1 (PEPR1) and PEPR2 (Bartels et al., 2013; Huffaker et al., 2006;
Krol et al., 2010; Saijo & Loo, 2020; Yamaguchi et al., 2006, 2010). The detection leads to the activation
of similar signaling cascades as the ones triggered by the detection of flg22 (Bartels et al., 2013).
However, when Pepl is applied exogenously, stronger PTI responses are induced as compared to
flg22 application (Poncini et al., 2017). For instance, AtPepl treatment triggers a stronger activation
of defense genes and a stronger root growth inhibition (Poncini et al., 2017).

Although most of the PTI studies have focused on aboveground organs, roots can sense pathogenic
threats and activate effective immune responses just like leaves. Root immunity seems necessary as
in the rhizosphere, roots are exposed to a highly diverse and abundant set of microorganisms,
including potential pathogens (Chuberre et al., 2018). The receptors FLS2, PEPR1 and PEPR2 are
expressed in roots and roots are capable of responding to flg22 and Pep1, just like leaves (Bartels et
al., 2013; Beck et al., 2014, Jacobs et al., 2011; Millet et al., 2010; Poncini et al., 2017; Wyrsch et al.,
2015). Furthermore, Wyrsch et al., demonstrated that cut-off A. thaliana roots were still able to induce
PTI hallmarks responses after MAMP treatment, indicating that activation of root immunity is
independent of signals from shoots (Wyrsch et al., 2015).

PTI is generally sufficient to prevent infection of nonadopted microbes. However, in order to
overcome PTI, pathogens have evolved counter attack strategies. They can deliver effector proteins,
also referred to as virulence factors, into the host cells. Effectors can manipulate PTI at different levels,
leading to the impairment of immune responses (Cui et al., 2015; Deslandes & Rivas, 2012; Jones &
Dangl, 2006). For instance, Pseudomonas syringae (P. syringae) effector AvrPto directly targets BAK1
and inhibits the association of FLS2 and BAK1 during infection. Therefore, the MAMP-signalling
initiation cannot take place (Shan et al., 2008). Another P. syringae effector HopAll, can target A.
thaliana MAP KINASE KINASES5 (MKK2), which results in disruption of MAPK cascade (Wang et al.,
2010). Pathogens evolve effectors to suppress PTl, however in return, plants employ so-called
resistance (R) proteins, which are usually members of the intracellular nucleotide-binding/leucine-
rich-repeat receptor (NLR) family, to detect effectors or effector activities (Cui et al., 2015). This R
protein-mediated recognition induces ETI, which is stronger than PTI responses. ETI often leads to a
hypersensitive response (HR) that involves a localized cell death and provides resistance to biotrophic
or hemi-biotrophic pathogens (Jones & Dangl, 2006). For a long time, it was thought that PTl and ETI
are induced at different times and at different response levels. Based on this, Jones and Dangl

introduced “the zigzag model of plant-microbe interactions” (Jones & Dangl, 2006). In “the zigzag
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model”, MAMPs are recognized by PRRs, which leads to activation of PTI, then successful pathogens
counteract PTI with the effectors, resulting in effector-triggered susceptibility (ETS). In response, plant
cells can detect the effectors and launch ETI. The model highlights the fluctuating defence amplitude;
PTI activation is depicted as raising response, followed by ETS as a falling response and ETI activates a
stronger response (Jones & Dangl, 2006). However, accumulating evidence rather suggests that
although PTI and ETI rely on two different classes of immune receptors, they are controlled by highly
intertwined and overlapping pathways, instead of being separate “layers” of immunity. For instance,
Ngou et al., investigated immune response read-outs upon selective induction of only PTI (by MAMP
treatment), only ETI (by using an estradiol-inducible promoter for the expression of a bacterial
effector, which is then recognized by matching R proteins) or both PTI and ETl in A. thaliana. When
PTI and ETI were co-induced, the PTI responses were stronger than after PTI induction alone, and
similarly, when both PTI and ETI were co-induced, ETI responses were stronger and lasted longer
(Ngou et al., 2021). In another study, Yuan et al. used A. thaliana plants, which were PTI deficient
because of various mutations in PPR- or co-receptor genes and showed that ETI-mediated resistance
and HR were significantly impaired. They also showed that ETl-related ROS burst was severely
impaired in PTI mutants. Furthermore, transcriptome analyses using RNA sequencing (RNA-seq) of
either wild type or the PTI co-receptor mutants (bak1, serk4/bakl- like 1 (bkk1) and chitin elicitor
receptor kinase 1 (cerk1)) revealed that in the PTl-impaired mutants, ETI could restore the expression
of a subset of PTl genes (Yuan et al., 2021a). These two studies show the requirement of PTl signaling
components to fully activate ETI, and in turn that ETI boosts PTI signaling components. Therefore, in
order to launch a robust immunity, PTl and ETl appear to work synergistically (Bjornson & Zipfel, 2021,
Tena, 2021). Due to accumulating evidence, which indicates the presence of a cross-talk between PRR-
and NLR-mediated immune signaling, the widely accepted “zigzag” model needed to be revised. An
updated model of the plant immune system can be seen in Figure 1 (Yuan et al., 2021b). In this model,
PTlis the primary immune pathway, which is endogenously controlled to prevent autoimmunity, and,
in the case of a compatible interaction, by pathogen effectors, which leads to effector-triggered
susceptibility (ETS). Upon activation of ETI through effector recognition by NLRs, ETI amplifies PTI
components to stop the attacking pathogen. Unlike “the zigzag model”, ETI is not depicted as a
separate immune pathway (Couto & Zipfel, 2016; Yuan et al., 2021a; Yuan, et al., 2021b; Ngou et al.,
2021).
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Figure 1: Model of the plant immune system: Pattern-triggered immunity (PTI) is acting as the primary immune
response after perception of pathogen-associated molecular patterns (PAMPs) by pattern-recognition receptor
(PRR) complexes: This is suppressed by endogenous “braking mechanisms” to prevent over activation (small
blue arrow) or, in the case of a compatible plant-pathogen interaction, by bacterial effectors, which cause
effector-triggered susceptibility (ETS) (big blue arrow). In an incompatible interaction, effector-triggered
immunity (ETI) is activated through the recognition of pathogen effectors by nucleotide-binding domain leucine-
rich repeat containing receptors (NLRs) and this recovers or potentiates PTI responses by upregulating PTI
components (red arrow). The final resistance is equal to PTI minus the inhibition of PTI (by endogenous “braking
mechanisms” or ETS) plus ETI. Taken from Yuan et al., 2021b.

1.3 Effect of immunity on plant growth

Although, plant immunity is necessary to stop pathogens, it is well documented that it can significantly
impair plant growth in field-grown crops. This phenomenon has been reported for many different
crops (Ning et al., 2017). For instance, the introduction of the wheat streak mosaic virus resistance 1
(Wsm1) gene into wheat resulted in up to 21% yield reduction in the absence of a pathogen (Sharp et
al., 2002). Or although the loss of the Mildew-resistance locus O (Mlo) gene of barley causes resistance
to barley powdery mildew, its absence could lead to a reduction in grain yield by approximately 4.2%
in the absence of the barley powdery mildew fungus (Jgrgensen, 1992). Even regular activation of PTI
by nonadopted microbes at the phyllosphere led to approximately 10% crop yield reduction in field-
grown barley (Smedegaard-Petersen & Tolstrup, 1985). Many studies have shown the fitness cost of
resistance in rice and maize as well (Goto et al., 2015; Kumar & Asino, 1994; Wang et al., 2021a).
Peronospora parasitica (P. parasitica) -resistant genotypes of Brassica napus grew slower than P.

parasitica-susceptible genotypes, even in the absence of the pathogen (Mitchell-Olds & Bradley,



1996). In addition, it has been reported that A. thaliana autoimmune mutants, which had a
constitutively active immune system, showed a severe dwarfism phenotype (van Wersch et al., 2016).
Yield penalties of disease resistance in crops may be as destructive as plant diseases (Eichmann &
Schafer, 2015). As mentioned in Section 1.1, in order to meet rising global food demands, we should
maximize crop yield. Growth-immunity trade-offs might prevent us from achieving this goal as it can
limit breeding efforts towards obtaining disease-resistant crops (He et al., 2022). Therefore,
understanding the molecular mechanisms behind this cross-talk might help us to overcome it and
increase both growth and disease resistance in crops. It is possible to induce growth-immunity trade-
offs in lab-grown model plants as well. For instance, exogenous application of PTI elicitors flg22 or
Pep1l reduces plant fresh weight and causes shorter primary roots in A. thaliana (Gomez-Gémez et al.,
1999; Jacobs et al., 2011; Poncini et al., 2017). This can enable researchers to dissect and understand
growth immunity cross-talk at the molecular level.

1.3.1 Potential causes of the growth-immunity antagonism

The first question that can come to mind is, “why does immunity inhibit plant growth?”. Some
researchers suggest that growth-immunity antagonism is a result of limited resources. “Since
immunity and growth require a high amount of energy and other resources, it was hypothesized that
growth-immunity trade-offs are the consequence of resource limitations and/or their imperfect
reallocation. In such a model, plants would prioritize immunity over growth as cells and tissues may
not be able to allocate sufficient resources to serve both processes at the same time (Brown, 2002;
Herms & Mattson, 1992; Huot et al., 2014; Monson et al., 2022). Although resources might be limited
under certain circumstances, the “reallocation model” might not be suitable to explain the
phenomenon in general. While a range of MAMPs/DAMPs that are detected by RLK PRRs inhibit
growth (e.g. flg22, elf18, Pep1), others such as chi7 or NLP (e.g. NLP20), which are ligands of RLP PRRs,
do not (B6hm et al., 2014; Poncini et al., 2017; Pruitt et al., 2021)”(taken from Ustiiner et al., 2022).
Another commonly accepted hypothesis to explain growth-immunity antagonism is the autotoxicity
of chemical defense. According to this theory, secondary metabolic changes during defense responses
might be toxic to the plant itself and impair plant growth and development (Herms & Mattson, 1992;
Neilson et al.,, 2013; Sestari & Campos, 2022). For instance, although methyl jasmonate plays
important roles in defense signaling, high levels of methyl jasmonate can lead to growth inhibition in
A. thaliana and be toxic to plant cells (Rehman et al., 2023; Staswick et al., 1992; Wasternack, 2007).

|II

Herms and Mattson proposed that in addition to “the resource reallocation model”, growth-defense
trade-offs can occur because the structural and secondary metabolic changes associated with defense
responses can physiologically limit growth through cell division or cell expansion (Herms & Mattson,

1992).



However, in the light of recent studies, new theories that are contrary to the “the resource
reallocation model” have been emerging. Kliebenstein (2016) has argued that “the resource

|II

reallocation model” is over simplified to explain the growth-immunity trade-offs as the theory
assumes that all nutrients are equally limiting factors for both growth and immunity. However, in
natural ecosystems, the situation might be more complicated. According to the author, growth and
immunity do not necessarily require the same resources and in different ecosystems different
nutrients might be the limiting factors. He proposed an alternative model in which growth and
immunity are not in a “zero sum game” where growth or immunity wins and the other loses; rather
they work together in a coordinated way to increase the fitness in changing environments. This
regulation might be based on interfering signaling pathways, which sometimes work collaboratively
and sometimes as trade-offs to ensure plants fitness (Kliebenstein, 2016)(See Section 1.3.2 for the
intersecting compounds of growth and immunity).

Over 450-500 million years ago, early land plants have started to colonize land from aquatic life (Morris
et al., 2018). Terrestrialization caused the exposure of the early land plants to different environmental
stressors and potentially harmful microbes. Therefore, during evolution, plants developed
sophisticated signaling components and metabolic pathways to survive stress and maintain growth.
According to Sestari and Campos, the increasing complexity could have raised the chance of
interference or cross-talk between pathways (Sestari & Campos, 2022). While “the resource
reallocation model”, explains growth immunity trade-offs based on resource limitations (Ziist &
Agrawal, 2017), as explained above, it may not be sufficient to explain the growth-immunity
antagonism. In the conflicting signalling scenario, the intertwined nature of signaling and metabolic
pathways controlling growth and defense increases the likelihood of pathway interference and leading
to the trade-offs.

1.3.2 Intersecting compounds of growth and immunity

We are only just beginning to understand the interactions of growth and immunity and it appears that
these interactions are sophisticated and occur at many different levels. It is thought that shared
receptors and signaling components between plant hormones and immunity pathways may act as key
mediators of the growth-immunity trade-off (Denancé et al., 2013; Eichmann & Schéfer, 2015; Guo et
al., 2018; Huot et al., 2014; Lozano-Duran & Zipfel, 2015; Reitz et al., 2015; Smakowska et al., 2016).
For instance, it is known that some components of the brassinosteroid (BR) signaling pathway such as
BAK1, BOTRYTIS-INDUCED KINASE 1 (BIK1), or BRASSINOSTEROID-SIGNALLING KINASE 1 (BSK1) play
roles in both immunity and plant growth (Chinchilla et al., 2007; Eichmann & Schafer, 2015; Lin et al.,
2013; Shi et al., 2013). An activated BR pathway induces the transcription factors HOMOLOGUE OF
BEE2 INTERACTING WITH IBH 1 (HBI1) and BRASSINAZOLE RESISTANT 1 (BZR1), which induce the



expression of growth-related genes and downregulate PTI genes. In addition, flg22 inhibits HBI1
transcription (Fan et al., 2014; Lozano-Duran et al., 2013). Gibberellic acid (GA) promotes degradation
of DELLA proteins, which normally repress growth-related transcription factors. flg22 treatment
prevents GA-mediated DELLA degradation and this may cause flg22-induced growth inhibition (Huot
et al.,, 2014; Navarro et al., 2008). Upon immunity activation, conflicting hormone signaling may
redirect the growth (Eichmann & Schéfer, 2015). There are many examples of hormones as mediators
of growth-immunity trade-offs but this is outside the scope of this work.

ROS signaling might be another one of the mediators of growth-immunity cross-talk. In addition to its
roles in regulating the expression of growth and immunity, HBI1 controls the expression of ROS
homeostasis-related genes as well (Neuser et al., 2019). In addition, MYB30, which is a ROS-responsive
transcription factor, regulates gene networks involved in both root growth and plant immunity
(Mabuchi et al., 2018; reviewed in Ustiiner et al., 2022). Therefore, the antagonism between growth
and defense programs might in parts be attributed to ROS homeostasis (Camejo et al., 2016; Dwivedi
et al., 2021; Mase & Tsukagoshi, 2021; Neuser et al., 2019).

There has been a growing interest in plant growth regulatory peptides in the context of growth-
immunity cross-talk. Recently, it has been shown that a peptide that is involved in plant development,
GOLVEN2, could act as a positive regulator of PTI by increasing PRR abundance and increase
antibacterial resistance in A. thaliana leaves (Stegmann et al., 2022). In addition, FERONIA (FER) and
its RAPID ALKALINIZATION FACTOR (RALF) ligands regulate both plant growth/development and
immune signaling pathways (Haruta et al., 2014; Stegmann et al., 2017; Xiao et al., 2019; Zhang et al.,
2020).

1.3.3 Can growth-immunity trade-offs be uncoupled?

Growth-immunity antagonism that is due to intersecting signaling compounds/pathways rather than
resource allocation would raise the possibility of genetically uncoupling growth and immunity from
each other. Achieving this could also potentially address the problems outlined in Section 1.1, e.g.
generation of highly resistant crops with unimpaired growth. Recent efforts to understand mechanism
behind growth and immunity revolves around understanding the molecular nature of the natural
genetic crop variants that are resistance to pathogens but show no reduced vyield, rewiring the
signaling pathways through genetic manipulation (He et al., 2022). The advancement of technologies
e.g., in transcriptome sequencing and gene editing will undoubtedly strengthen these efforts.

Several studies have shown that natural genetic variations in crops exist that may lead to pathogen
resistance without yield loss. Understanding those genetic variations may help us to overcome
growth-immunity antagonism in crop plants (He et al., 2022). For instance, Deng et al. sequenced a

rice variant that was resistant to rice blast without exhibiting yield loss. The authors found that this



rice variant had the Pigm locus, which contained various genes encoding NLRs. Among these
receptors, PigmR and PigmS worked antagonistically to confer rice blast resistance without yield
penalty (Deng et al., 2017). Similarly, in rice, a natural variant of the Ca% sensor ROD1 caused
resistance to pathogens without dampening grain yield (Gao et al., 2021).

To uncouple growth and immunity, ongoing efforts are based on genetic manipulation and for
example, rewiring and re-combining growth and immunity signaling pathways (He et al., 2022). For
example, light plays vital roles in plant growth and A. thaliana phytochrome B (phyB) mutants showed
increased growth (Campos et al., 2016; He et al., 2022). On the other hand, jasmonic acid (JA) is a
major phytohormone for immunity, and a polymutant in JASMONATE ZIM-DOMAIN (jaz) genes have
constitutive JA signaling, accumulated defensive compounds but were impaired in growth (Betsuyaku
et al., 2018). However, having phyB in jaz polymutants resulted in partial rescue of growth without
losing the increased defense status (Campos et al., 2016; He et al., 2022). Salicylic acid (SA) is a well-
known phytohormone, which is essential for immune signaling in plants. Although, overproduction of
SA enhances disease resistance and abiotic stress tolerance, it negatively affects growth. Ortega et al.
generated a set of A. thaliana transgenic lines, which produced different levels of SA and investigated
the lines for plant growth, disease resistance and abiotic stress tolerance. They showed that high levels
of SA downregulated COLD-REGULATED (COR) genes and that plants were smaller in normal conditions
and grew even less at lower temperatures. However, overexpression of individual COR genes in plants
producing high levels of SA could uncouple SA-mediated-growth and immunity trade-offs (Ortega et
al., 2024). Similar attempts were also made for crop plants as well. For example, the transcription
factor IDEAL PLANT ARCHITECTURE 1 (IPA1) of rice can balance growth and immunity in cooperation
with WRKY45. Upon Magnaporthe oryzae infection, IPA1 was reversibly phosphorylated and
upregulated the expression of WRKY45, which led to the activation of immune responses. Several
hours after the infection, IPA1 was dephosphorylated again and supported growth (Wang et al., 2018).
Interestingly, Liu et al. showed that overexpression of IPA1 increased disease resistance but reduced
crop yield, likely due to reduced GA levels. However, expressing IPA1 under the pathogen-inducible
promoter of OsHEN1, alleviated this effect, resulting in plants with high disease resistance and no loss
in the yield. The authors also showed that increased resistance in the transgenic plants was partially
due to DELLA protein accumulation, which is potentially mediated by GA pathway (Liu et al., 2019).
Furthermore, editing disease susceptibility genes (S genes) could also reduce increase immunity
without impairing growth. However, the observed lack of growth impairment could be unintended
(secondary) consequence of gene (He et al., 2022). For instance, Li et al. generated wheat lines with
mutations in the MLO locus using CRISPR-Cas9-mediated gene editing. Although, the mutations had

broad-spectrum resistance to powdery mildew, they had impaired growth. However, one MLO mutant



line had an unintended mutation, which caused the overexpression of the TONOPLAST
MONOSACCHARIDE TRANSPORTER gene TaTMT3B. Transgenic overexpression of TaTMT3B in mlo
mutant background, rescued the impaired growth and retained resistance to mildew in both wheat
and A. thaliana (Li et al., 2022). Taken together, many studies showed that in laboratory settings, it
might be possible to uncouple growth and immunity by genetically manipulating the shared
components of growth and immunity.

1.4 Root architecture and growth of root

“In longitudinal direction, the primary root is organised in root apical meristem (RAM), elongation
zone (EZ) and differentiation zone (DZ) (Figure 2; Brady et al., 2007; Salvi et al., 2020)). At the very tip
of the root (apical meristem), the root cap facilitates soil penetration and guides the direction of
growth through the perception of gravity. The root cap also functions as an environmental sensor and
protects the meristematic stem cell niche from damage (Kumpf & Nowack, 2015). The stem cell niche,
a group of undifferentiated mitotically active stem cells (or initials), which is arranged around rarely
dividing quiescent centre (QC) cells at the base of the RAM, is the root’s organising centre from which
all root tissues derive (Aichinger et al., 2012; Clowes, 1953; de Luis Balaguer et al., 2017; Dolan et al.,
1993; Pardal & Heidstra, 2021; van den Berg et al., 1997). Cells that emerge from the stem cell niche
subsequently divide in the RAM and then increase in length while passing through the EZ.
Subsequently, cells differentiate and obtain specific genetically predestined functions. Emerging root
hairs, for example, mark the beginning of the DZ (Datta et al., 2011; Topp & Benfey, 2012). The basis
for the formation of lateral roots is also already being established when cells pass the RAM and EZ
before they eventually emerge in the DZ (Banda et al., 2019; Laskowski & Ten Tusscher, 2017). Based
on their specific transcriptional signatures, 15 different cell types with presumably different biological
functions can be distinguished in A. thaliana roots (Birnbaum et al., 2003; Brady et al., 2007).
Epidermis, cortex, endodermis and the pericycle around the vascular tissue (stele) are major cell types,
which emerge from the stem cell niche and form cell files that appear as concentric rings in root cross-
sections (Benfey & Scheres, 2000). Together with the root cap they form the core root body
(Birnbaum, 2016; Dolan et al., 1993) (Figure 2). The stem cell niche determines this pattern of cell
types as concentric files (Dolan et al., 1993; Pardal & Heidstra, 2021; van den Berg et al., 1997). In
addition to root patterning, the stem cell niche functions in cell identity determination (Dinneny &
Benfey, 2008). Stem cell divisions produce one cell with stem cell identity and a daughter cell that
obtains cell type-specific identity depending on the position in the stem cell niche: Stem cells proximal
to the QC found the stele in the centre of the root, which consists of the primary vascular tissues,
procambium and pericycle (Brady et al., 2007; Tomescu, 2021). The ground tissue initials next to the

stele initials generate two tissues, namely cortex and endodermis, following asymmetric cell divisions
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(Cruz-Ramirez et al., 2012; Pardal & Heidstra, 2021). Casparian strip cell wall impregnations and
suberin depositions are hallmarks of apoplastic diffusion barrier formation during endodermis
differentiation (Barberon & Geldner, 2014; Geldner, 2013).“ (Taken from Ustiiner et al., 2022). The
plant root body plan is characterized by a precise organization based on cell types, which defines its
structure and enables functional adaptability to environmental changes. Each cell type has a specific
role in plant development (Petricka et al., 2012). Root cap cells primarily protect RAM, sense gravity
and moisture, produce mucilage and facilitate phosphate uptake (lijima et al., 2008; Kanno et al.,
2016). Epidermis cells are involved in water and nutrient uptake as well as transport (Geldner, 2013).
Cortex cells contribute to water and nutrient transport and help sense water potential gradient in soil
(Barberon & Geldner, 2014; Dietrich et al., 2017; Geldner, 2013). Endodermis cells regulate selective
nutrient uptake and form diffusion barrier (Geldner, 2013; Robbins et al., 2014). Pericycle cells are
responsible for later root formation and play roles in xylem loading and phloem unloading (Beeckman
& De Smet, 2014; Tegeder & Hammes, 2018). Finally, phloem and xylem cells are essential for the
transport of water, nutrient and signalling molecules (Shabala et al., 2016).

Root growth is driven by the mitotic cell division and cell elongation regulated by the mitotic cell cycle
and endocycle. Above the stem cell niche, cells proliferate rapidly via mitotic cell division. As the newly
divided cell move away from the root tip, they stop dividing and enter to endocycle, where cells
replicate DNA without cell division and they elongate (Breuer et al., 2014; Edgar et al., 2014; Heidstra
& Sabatini, 2014; Sablowski & Carnier Dornelas, 2014; Sablowski & Gutierrez, 2022).
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Figure 2: Functions of specific root cell types: Schematic longitudinal section of plant root and the functions of
specific root cells. A strict cell type-based organization of root forms the plant root body plan, which determines
the root’s structure. Root cap cells provide RAM protection, gravity, touch and moisture sensing, mucilage
production and phosphate uptake. Epidermis cells are responsible from water and nutrient uptake. All cell types
play role in water transport. In addition, cortex cells function in water potential gradient sensing. Endodermis
cells provide selective nutrient uptake and diffusion barrier. Pericycle cells surround xylem and phloem and play
roles in lateral root formation. The function of phloem and xylem cells is transportation of water, nutrient and
signalling molecules. Taken from Ustiiner et al., 2022.
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1.5 The plant mitotic cell cycle

1.5.1 Plant cell cycle phases and the regulation of phase transitions

In plant cells, as in all eukaryotes, the cell cycle consists of specific phases: the DNA synthesis phase
(S), during which DNA is duplicated, and the mitotic phase (M), where mitosis occurs. These phases
are separated by the gap (G) phases: the G1 phase takes place between the previous mitosis and the
next S phase and G, separates the S phase from M phase. During the Giand G; phases, cells make sure
that the previous phase has been fully completed without any errors. In order to preserve genome
integrity and its transmission to the next generation, transition between the phases, particularly G; to
S and G; to M phase transitions, are tightly regulated (Dewitte & Murray, 2003). The main regulators
of the cell cycle are CYCLIN-DEPENDENT KINASES (CDKs), CYCLINS (CYCs) and CDK inhibitors. Various
CDK-CYC complexes phosphorylate numerous substrates at the transition points to regulate the
expression of the genes that play role in DNA replication and mitosis (Dewitte & Murray, 2003; Inzé &
De Veylder, 2006).

The A. thaliana genome encodes 12 CDKs and more than 49 CYCs, which have been classified according
to their sequences, and the classification reflects well with their functional diversity (De Veylder et al.,
2007). Compared to mammals, plant genomes encode more cell cycle regulators. For example,
mammalian genomes encode three types of D-type CYCs, whereas the A. thaliana genome encodes
10 (Inzé & De Veylder, 2006; Sherr, 1995). Extensive duplications of the plant genome might be one
of the reasons for the higher number and complexity of plant CYCs (Simillion et al., 2002). In addition,
the high number of plant CYCs might be attributed to the sessile lifestyle of plants, which requires
significant developmental plasticity for the response to both internal and external cues (Inzé & De
Veylder, 2006).

Plants have two major classes of CDKs: A-type and B-type CDKs. In A. thaliana, there is only one gene
encoding an A-type CDK (CDKA; 1) and four genes encoding B-type CDKs (CDKB1;1, CDKB1,2, CDKB2;1
and CDKB2;2)(Dewitte & Murray, 2003). Transcript and protein levels of CDKA;1 do not significantly
fluctuate during the cell cycle. However, its kinase activity is post-translationally upregulated during
the G1/S and the G,/M transitions (Dewitte & Murray, 2003; Iwakawa et al., 2006). In contrast, CDKB
levels are dependent on the cell cycle phase and highest at G,/M phase transition, where their kinase
activities are needed (De Veylder et al., 2007).

It is thought that transcript levels of B1-type CDKBs reach the highest levels during S- to M-phase,
whereas B2-type CDKBs transcripts accumulate from late G»- to late M-phase (Oakenfull et al., 2002).
The specificity and the temporal regulation of the CDKs are mainly controlled by CYCs. In plants, A-
type (CYCA) and B-type (CYCB) CYCs control the S/G,-phase and the G,/M-phase transition,

respectively (Polyn et al., 2015). Although it is widely accepted that CYCDs regulate Gi/S transition,
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accumulating evidence suggests that they play a role in the G,/M transition as well. Various CYCDs
show a transcriptional peak at the G,/M phase (Inzé & De Veylder, 2006)(See Section 1.5.2).

In addition to the CYCs, there are several other proteins that play a role in the control of cell cycle
transitions. For instance, CDK-inhibitory proteins such as KIP-RELATED PROTEINS (KRPs) and SIAMESE
(SIM)/SIM-RELATED PROTEINS (SMR), CDK-activating kinases (CDKD and CDKF) and ANAPHASE-
PROMOTING COMPLEX/CYCLOSOME (APC/C) ubiquitin ligases, which proteolyze cyclins, are some of
the proteins that regulate CDK activity in response to different stimuli (Churchman et al., 2006;
Heyman & De Veylder, 2012; Polyn et al., 2015; Umeda et al., 2005). Before the G:/S transition,
RETINOBLASTOMA RELATED PROTEIN 1 (RBR1) binds to E2F and inhibits its dimerization with
DIMERIZATION PARTNER (DP). During transition, a CYCD/CDKA;1 complex hyper-phosphorylates
RBR1, which allows the dimerization of the E2F and DP transcription factors, which controls the
expression of DNA synthesis genes (Magyar et al., 2012). At the G,/M transition, CDKA;1/CYCB or
CDKBs/CYCB complexes phosphorylate MYB3R transcription factors to control the expression of

mitosis genes (De Veylder et al., 2007).

DNA synthesis -\
genes
a1 G2-M

CYCA/B
CDKB1/2

4 4
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CYCA/D
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Figure 3: The plant mitotic cell cycle: The plant cell cycle consists of four phases; Gi, S, G2, and M. The key
regulator proteins are CDKs, CYCs and CDK inhibitors. G1/S progression is promoted by the CDKA/CYCD complex
hyper-phosphorylates RBR1, which relieves E2F-DPa repression. As a result, the transcription of S-phase genes
are initiated. CDKA/CYCD complexes can be inhibited by KRP. S-phase progression is maintained by CYCA/B, which
binds to CDKB1/2. SIM/SMR can target CDKB1/2 activity to provide a checkpoint mechanism during S-phase. G,/M
transitions is mediated by the interaction between CYCB/D and CDKA;1. The complex activates MYELOBLASTOSIS
VIRUS transcription factor 3Rs (MYB3Rs), which regulate expression of mitotic genes. (Figure provided from
Patrick Schéfer)

14



1.5.2 B-type CDKs and D-type CYCs in A. thaliana

The class of B-type CDKs is unique to plants as it has not been described in other organisms. CDKB1
and CDKB2 classes are characterized based on the presence of a PPTALRE or PPTTLRE hallmark motif,
respectively (De Veylder et al., 2007). As mentioned in Section 1.5.1, B-type CDKs are thought to
regulate G»/M and play crucial roles in many developmental processes. For instance, CDKB1;1 is
required to maintain the balance between mitotic cell division and endoreduplication (Boudolf et al.,
2004b). In addition, CDKB1;1 plays a crucial role in the DNA damage responses (Weimer et al., 2016).
CDKB1;1 and CDKB1;2 regulate the fate of stomatal cell lineages (Xie et al., 2010). CDKB2s on the other
hand are required for shoot apical meristem integrity (Andersen et al., 2008).

The A. thaliana genome encodes 10 different D-type CYCs, which play roles in different phases of the
cell cycle and control many embryonic and post-embryonic developmental processes in different plant
tissues in response to internal and external signals. For instance, CYCD2;1 modulates auxin-induced
lateral root formation together with INHIBITOR-INTERACTOR OF CDK/KIP-RELATED PROTEIN 2
(ICK2/KRP2) (Sanz et al., 2011). In leaves, CYCD3;1 controls the balance between cell proliferation and
differentiation (Dewitte et al., 2003). The members of the CYCD3 family and CYCD7;1 regulate
developmental rate during seed development (Collins et al.,, 2012; Sornay et al., 2016). Various
members of CYCDs (such as CYCD4, CYCD3, CYCD5;1, CYCD7;1) are associated with stomatal
development (Han et al., 2018; Kono et al., 2007; Weimer et al.,, 2018; Yang et al., 2014). The
transcription factors SHORTROOT (SHR) and SCARECROW (SCR), which control ground tissue
patterning, were shown to directly activate CYCD6;1, which is needed for proper root pattern
formation (Sozzani et al., 2010).

It has been suggested that the expression of CYCDs is not necessarily dependent on a particular phase
but rather correlates with internal and external factors. CYCDs are considered as the linkers of
environmental factors to the cell cycle (De Veylder, 2019; De Veylder et al., 2007; Polyn et al., 2015).
Early studies with A. thaliana cell suspension cultures showed that the expression of CYCD2;1 and
CYCD3;1 was dependent on the presence of sucrose in the culture media, and sugar induced their
gene expression (Riou-Khamlichi et al., 2000). Other studies showed that although the transcript levels
of CYCD2;1 and CYCD3;1 dropped upon sugar removal, the protein level of CYCD2;1 was not changed,
whereas the CYCD3;1 level dropped (Healy et al., 2001). Besides sugar, CYCD3;1 expression showed
strong responses to plant hormones (Dewitte & Murray, 2003; Oakenfull et al., 2002). Recent studies
indicated that CYCDs form complexes with CDK inhibitors such as SMRs to inhibit CDKs in the case of
stress (e.g. DNA damages) (De Veylder, 2019; Yi et al., 2014).

It is known that CDKBs and CYCDs form complexes to regulate G,/M transitions. Kono et al. showed

that CYCD4;1 is an interaction partner of CDKB2;1 via a yeast two-hybrid screening and in vitro Co-
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immunoprecipitation, and they suggested that CDKB2;1 and CYCD4;1 form a complex to mediate G,/M
transition (Kono et al., 2003). Many studies have suggested protein-protein interactions between
CDKBs and a large number of CYCDs using bi-fluorescence complementation (BiFC), yeast two-hybrid
screening, in vitro Co-immunoprecipitation (Boruc et al., 2010; Kawamura et al., 2006; Kono et al.,
2003; Van Leene et al., 2010; Veylder et al., 1997). It is important to note that little is known about
the molecular mechanisms that regulate G,/M transitions. Therefore, more functional studies are
needed to reveal those molecular mechanisms.

1.5.3 Plant cell cycle and abiotic and biotic stress

“According to endogenous and exogenous changes, plants can regulate their cell cycle machinery
(Pedroza-Garcia et al., 2022; Rymen & Sugimoto, 2012). This allows them to survive non-favourable
conditions. CDKs and CYCs are thought to play a role in regulating cell division rates in response to
environmental stress (Carneiro et al., 2021). It is known that abiotic stress, for instance, may lead to
growth inhibition in plants by direct or indirect interference with the cell cycle. Salt treatment leads
to root growth inhibition in an ABA-dependent manner (Geng et al., 2013). Recently it was shown that
salt stress reduces the accumulation of CDKs (e.g. CYCB1;1) and some CYCs (e.g. CYCA2;1) in
Arabidopsis [A. thaliana] roots (Carneiro et al., 2021; Qi & Zhang, 2019; West et al., 2004). In a similar
way, biotic stress might affect cell cycle regulators and thus cell division. For instance, infection of
Arabidopsis with geminiviruses changes the expression of cell cycle regulators, and
overexpressing CYCD3;1 or the cell cycle-promoting E2F TRANSCRIPTION FACTOR 3 strongly increases
plant resistance against geminivirus attack (Ascencio-lbanez et al., 2008). Little is known about biotic
stress and cell cycle cross-talk. Hormones certainly take part directly or indirectly in underlying
regulatory mechanisms. DELLA proteins, for instance, promote CDKA- and CDKB-inhibitors (Achard et
al., 2009; Reitz et al., 2015), which may indicate a role of the defence hormone JA by its known function
in growth inhibition based on its ability to downregulate CDKA1 and CYCB1;1 (Chen et al., 2011; Qi &
Zhang, 2019).“ (Taken from Ustiiner et al., 2022)

The preliminary work conducted in the Schafer lab indicated that flg22-induced PTI can interfere with
cell cycle and inhibits root growth by affecting cell division. Eichmann et al. (unpublished) showed that
the immune-elicitor flg22 caused shortening of the primary root without altering the overall root
system architecture. The results demonstrated that the root meristem size was reduced after flg22
treatment and the root growth inhibition is FLS2-dependent as fIs2 mutants did not show the same
phenotype. flg22-treatment did not affect stem cell niche function, but flg22 treated roots had less
cortex cells in the meristem compare to the mock-treated roots, which implies that flg22 influences
cell division. This was supported by reduced expression of GFP-tagged CYCB1,1 (a cell division marker)

and reduction in the levels of phosphorylated RBR1 after flg22 treatment (Eichmann et al.,
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unpublished data). Additionally, Finch showed that fl|g22 or Pepl-induced PTI was associated with
changes in relative abundance of various cell cycle marker gene transcripts in wild-type root tips
(Finch, 2019). Further, the preliminary work done in the Schafer lab indicated that overexpression of
some cell cycle regulators in A. thaliana could abolish flg22-induced root growth inhibition. For
instance, overexpressing A. thaliana CDKB1,1 under Cauliflower mosaic virus 35S promoter exhibited
reduced root growth inhibition upon flg22 treatment. The observed phenotype was dose-dependent;
at higher concentrations of flg22 a slight root growth inhibition was observed. Importantly, the
transgenic lines had still intact immune signaling and resistance against pathogens (Eichmann et al.,
unpublished data). Further screening which was conducted by J. Finch has showed that similar to
CDKB1;1, overexpression of A. thaliana CYCD1,1 also led to reduced sensitivity to flg22 treatment in
terms of root growth (Finch, 2019). These results indicate that it might be feasible to uncouple growth
and immunity by supporting various cell cycle regulators. Many previous studies investigated different
aspects of the growth-immunity cross-talk (see above). The present work aimed at understanding the
link between PTI signaling pathway and growth, with a focus on cell cycle regulation, and at
investigating whether overexpression of other CDKBs and CYCDs leads to altered root growth after

flg22-induced PTI activation (See Section 1.6 for objectives).
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1.6 Objectives

In order to meet the world’s increasing demand for food, researchers have focused on understanding
various aspects of plant immunity and producing crops that are highly resistant to plant pathogens.
However, breeding efforts to enhance plant immunity can be hampered by growth immunity trade-
offs, where, due to unknown reasons, active plant immunity is accompanied by reduced growth.
Previous findings indicated that plantimmunity activated by the bacterial flg22 peptide may negatively
interfere with the mitotic cell cycle, and that the negative effects of active immunity on root growth
could be overcome by over-activation of cell cycle regulators.

The hypothesis of the thesis is that PTI induction influences cell cycle regulators in the root meristem,
potentially explaining the RGI after fl|g22 treatment. The main aim of the thesis is to test this
hypothesis and gain a deeper understanding of the molecular basis of the cross-talk between PTl and
the mitotic cell cycle in A. thaliana roots with a particular focus on the cell cycle regulators B-type
CDKs and D-type CYCs. Because the strength of the observed immunity-related root growth inhibition
effect was dependent on the plant growth media used, first, it is aimed to determine which other
kinds of immune response are affected by the choice of growth medium and to what extent. In
addition, the properties of the different media that may account for the observed phenotypes will be
tested.

Additionally, flg22-induced root growth inhibition could be overcome by supporting CDKBs and CYCDs.
To test the hypothesis, the expression of all CDKB and CYCD genes will be analysed after immunity
activation by flg22 treatment. Furthermore, all CDKB or CYCD coding sequences will be cloned as
tagged versions under the control of strong constitutive promoters for transient and stable over-
expression in plants. Transient over-expression in N. benthamiana leaves followed by flg22 treatment
will be carried out to test whether flg22 treatment may affect protein abundance and thus function
of cell cycle regulators during growth inhibition. Finally, root growth inhibition assays will be
performed to examine if the stable overexpression of CDKBs or CYCDs alone or in combination can
support root growth under flg22-triggered immunity and thus disentangle the growth-immunity

antagonism.
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2 Materials and Methods

2.1 Plant material and growth

Wild-type A. thaliana (Col-0) seeds were obtained from the Nottingham Arabidopsis Stock Centre. For
the overexpressor lines generated and used in this study see Section 2.2.1. As PTI reporter lines,
PPER5::NLS-3xmVENUS and pMYB51::NLS-3xmVENUS (Poncini et al., 2017) were used.

Surface sterilization of A. thaliana seeds was performed either with bleach (NaOCI) or with chlorine
gas. For bleach sterilization, the required number of seeds were washed sequentially in 1 mL
H200.029%Tween20, 1 mL 70% ethanol, 1 mL 3% NaOCI|, and sterile H,0 for 8 times. For the chlorine
sterilization, the seeds were transferred into 2 mL Eppendorf tubes and the tubes were put in a rack
with open lids. The rack was placed horizontally into a desiccator containing a glass beaker with 50 mL
of 12% NaOClI solution. Under a fume hood, 3 mL of concentrated HCl were poured into the beaker,
resulting in the immediate production of chlorine gas. The lid of desiccator was immediately closed
and the seeds were incubated in chlorine gas for 3 h. After the incubation, seeds were washed once
in H200.02%Tween20 and 4 times in sterile H,0. Sterilised seeds were transferred into 1 mL of 0.2%
Gelrite™ (Duchefa Biochemie) or 0.2% phyto agar (Duchefa Biochemie). Stratification took place at
4°C for 2 days in the dark. Afterwards, under sterile conditions, seeds were transferred onto vertical
square Petri dishes containing ATS medium (Lincoln et al., 1990) supplemented with 4.5 g I'! Gelrite™,
or with % “Murashige and Skoog basal salts with minimal organics MS medium” (¥ MS) (Sigma, cat.
M6899) with 0.05% (w/v) MES hydrate (Sigma Aldrich, cat. # M2933) containing 7 g |I* Phytoagar
(Duchefa Biochemie). Plants were grown in a 22°Cday/18°C night cycle, in 10 h light at 120 pmolm-2st,
For A. thaliana seed propagation, plants were sown in a 5:1 soil-sand mix, supplemented with
nematodes (Steinernema feltiae) as pest control. After 2 days of stratification at 4°C, plants were first
grown in 22°C day/18°C night cycle with 8 h light. 5-6 weeks later, they were transferred into 24°C
day/18°C night cycle with 16 h (long-day conditions) and grown until harvest. Nicotiana benthamiana
(N. benthamiana) plants were grown in a soil-sand mix in the long-day conditions (see above).

2.2 Generation of transgenic A. thaliana lines

2.2.1 Generation of overexpression lines

2.2.1.1 Golden Gate Cloning

Golden Gate Cloning (Engler et al., 2014) was used to generate overexpression constructs of CDKBs
and CYCDs for Agrobacterium tumefaciens (A. tumefaciens or Agrobacterium)-mediated stable
transformation of A. thaliana, and also for A. tumefaciens-mediated transient transformation of N.
benthamiana leaves (see Table 2 for all plasmids used and generated). To generate the Level 0 (LO) no
stop codon (ns) tGFP construct for C-terminal tagging, the coding sequence (CDS) of tGFP was

amplified from plICSL80005 (for all Golden Gate vectors see Engler et al., 2014 and
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https://www.addgene.org/) by using tGFP-specific primers removing the stop codon and including
Bpil restriction enzyme recognition sites, as well as 4 bp overhangs for LO (pAGM9121) ligation (see
Table S1 for the primers used in this study). The PCR reaction mix was as follows: 32.5 uL ddH,0, 10
pL 5x Q5 reaction buffer (New England Biolabs, cat. # M0491S), 2.5 uL 10 uM forward and reverse
primer, 1 uL 10 mM dNTPs, 1 ulL of 2 ng/ul plasmid template, 0.5 puL Q5 High-Fidelity DNA polymerase
(New England Biolabs, cat. # M0491S). Thermal profile: 30 s at 98°C, 35 cycles of [10 s at 98°C, 20 s at
58°C, 20 s at 72°C], 5 min at 72°C. The amplification was confirmed by 1.2% agarose gel
electrophoresis.

A number of LO plasmids used in this study were produced by Jessica Finch (Finch, 2019). For the
remaining plasmids, CDS fragments of the corresponding genes were synthesized by Integrated DNA
Technologies. The stop codons were removed for C-terminal tagging. The illegal Bsal or Bpil restriction
enzyme sites in the native sequences were removed with silent point mutations and corresponding
overhangs for the ligation were added (see Table 1 for full sequences).

Ligation of tGFP PCR products or synthesised DNA fragments were ligated into LO universal acceptor
vector (pAGM9121) or LO acceptor for CDS1 no stop modules (pAGM1287), respectively. The
combined restriction enzyme digest and ligation reaction mix was as follows: 2 insert:1 acceptor molar
ratio, 1.5 pL 10x T4 ligase buffer (New England Biolabs, cat. # M0202A), 1.5 pL bovine serum albumin
(BSA, stock: 1 mg/mL), 0.5 uL T4 ligase (New England Biolabs, cat. # M0202S), 0.5 pL Bpil (Thermo
Scientific, cat. # ER1011), topped up to 20 pL with ddH,0. Thermal profile: 20 s at 37°C, 26 cycles of [3
min at 37°C, 4 min at 16°C], 5 min at 50°C, 5 min at 80°C, hold at 8°C. Ligation products were
transformed into competent Escherichia coli DH5a cells and extracted from successfully transformed
colonies (Section 2.2.1.2).

The corresponding LO parts “promoter + 5’ untranslated region (UTR)”, “CDS of the gene of interest”,
the corresponding “C-terminal tag”, and “3’ UTR modules” were ligated into L1 plasmid as follows:
100 ng of each LO parts, 1.5 pL 10x T4 ligase buffer, 1.5 pL BSA, 0.5 uL T4 ligase, 0.5 pL Bsal (Thermo
Scientific, cat. # ER0291), topped up to 20 plL with ddH,0. The thermal profile was the same as for the
LO ligation reaction. Ligation products were again transformed into competent E. coli DH5a cells and
extracted after confirmation (Section 2.2.1.2).

L1 plasmids were assembled into L2 acceptor vectors by using the same protocol as for L1 plasmid

ligation but with a different restriction enzyme (Bpil instead of Bsal).
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2.2.1.2 Transformation of chemically competent Escherichia coli cells

Chemically competent Escherichia coli (E. coli) DH5a cells were prepared according to the Rubidium
chloride method (based on Hanahan, 1983) and stored at -80°C. On the transformation day, cells were
thawed on ice. 5-10 pl of the ligation mix was added to 50 uL of competent cells and mixed by flicking.
The mixture was incubated on ice for 25 min, then heat-shocked for 1 min at 42°C and afterwards kept
on ice for 2 min. 250 pL sterile lysogeny broth (LB) media (10 g tryptone, 5 g yeast extract, 10 g NaCl,
set pH to 7.5 with 1 M NaOH, up to 1 L with ddH,0) was added to the cells and incubated at 37°C for
1.5 h. The cells were spread on LB-agar (LB + 1.5% (w/v) agar-agar). For the selection of the colonies
containing LO plasmids, the plates were supplemented with 50 pg/mL spectinomycin, and for blue-
white selection, 40 pL 5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside (X-Gal, stock solution: 20
mg/mL X-Gal in DMSO) and 4 pL isopropyl thiogalactoside (IPTG, stock solution: 200 mg/mL in ddH,0)
per plate. For L1 plasmid selection, plates containing 100 pug/mL ampicillin, 40 uL X-Gal, 4 pL IPTG were
used. For L2 plasmid selection, plates were supplemented with 50 ug/mL kanamycin only. Plates were
incubated at 37°C overnight. On the next day, white colonies were picked using a sterile toothpick
and first transferred to a fresh LB plate (including antibiotic) as a master plate and then to a PCR tube
with 19.9 uL ddH,0 for colony PCR. PCR reaction mix was as follows: 19.9 uL ddH,0 with a colony, 2.5
uL 10x buffer A (Tag PCR kit, Kapa Biosystems, cat. # KK1015), 0.5 pL 10 mM dNTPs, 1 yL 10 mM
forward primer, 1 uL 10 mM reverse primer (See Table S1 for the primers) and 0.1 uL KAPA Taq DNA
polymerase (Taq PCR kit, Kapa Biosystems, cat. # KK1015). Thermal profile: 3 min at 95°C, 35 cycles of
[30 s at 95°C, 30 s at 57°C, X min at 72°C], 5 min at 72°C (X: elongation time varies depending on the
length of the fragment, 1 min for 1 kb). The presence of the right sized PCR fragments was confirmed
with 1.2% agarose gel. A liquid culture of a transformed colony was prepared in 5 mL LB media with
corresponding antibiotics. The cultures were incubated at 37°C overnight with 180 rpm shaking. On
the next morning, the plasmids were isolated by using the NucleoSpin Plasmid mini kit for plasmid
DNA (Marchery-Nagel, cat. # 740588.250) according to the manufacturer’s protocol. The correct
assembly of the plasmids were checked by sequencing (seq) the isolated plasmid, using Microsynth

Seglab GmbH and LGC Genomics GmbH sequencing services (See Table S1 for the primers).

2.2.1.3 Transformation of A. tumefaciens

2.2.1.3.1 Preparation of competent A. tumefaciens cells

One colony of A. tumefaciens GV3101 was grown in 2x 5 mL LB media supplemented with 25 ug/mL
gentamicin (Gent25) and 50 pg/mL rifampicin (Rif50) overnight at 28°C with shaking. Next day, 5 mL
of the over-night culture were inoculated into 120 mL LB media containing Gent25 and Rif50. After
mixing, the cultures were split into two equal portions and incubated for approximately 6 h at 28°C

with shaking until cultures reached an ODggo of 0.8. Then the flasks were chilled on ice and the cultures
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were split into 4x 50 mL Falcon tubes. Cells were centrifuged at 4°C and 3,200 g for 15 min and the
supernatants were removed. The pellets were resuspended in 2 mL sterile pre-cooled 20 mM CacCl,
solution. Subsequently, the bacterial suspensions were aliquoted into 1.5 mL Eppendorf tubes, flash-
frozen and stored at -80°C for further use.

2.2.1.3.2 Transformation of competent A. tumefaciens cells using the freeze-thaw method

Approximately 500 ng of a plasmid were added to 50 pyL competent A. tumefaciens GV3101 cells and
mixed by tapping. The mixture was then incubated on ice for 5 min, followed by a transfer into liquid
nitrogen for 5 min and then to 37°C for 5 min. After the incubation, 250 uL LB media were added and
cells were kept at 28°C for 1.5 h at 180 rounds per minute (rpm) shaking. For L1 plasmid
transformation, the recovered cells were spread onto LB-agar plates containing Gent25, Rif50 and
Carb50, while for L2 transformations, bacteria were spread onto LB-agar plates with Rif50, Kan50,
Gent25. Plates were then incubated at 28°C for two days, which was followed by colony PCR to
identified successfully transformed colonies (Section 2.2.1.2 for reaction protocol). Positive colonies
were inoculated into 5 mL LB media with the corresponding antibiotics and incubated overnight at
28°C with shaking. Bacterial suspensions were spun down at 11,000 g for 5 min at 4°C and
approximately 4 mL of supernatant were discarded. The remaining pellets were resuspended and 500
pL of bacteria were mixed with 500 pL of sterile 50% glycerol solution. The cells were frozen in liquid

nitrogen and stored at -80°C for further use.

2.2.1.4 A. tumefaciens-mediated transformation of A. thaliana

A. thaliana Col-0 plants were grown as described in Section 2.1. The first occurring bolts were clipped.
Plants were ready for transformation, when secondary bolts reached a size of 1-5 cm (approximately
4-6 days after clipping of the first bolt). 5 mL A. tumefaciens cultures were prepared in 50 mL Falcon
tubes and incubated overnight at 28°C with shaking. On the day of transformation, the soil in the plant
pots was supposed to be moist but plants should not be standing in water. Overnight cultures were
centrifuged at 3,000 g for 10 min at 4°C and the supernatants were resuspended in 7 mL infiltration
buffer (5% (w/v) sucrose, 0.02% (v/v) Silwet L-77 in dH,0, prepared freshly). The bacterial suspensions
were applied generously to buds and inner rosettes of the plants with a paintbrush. Pots were covered
with cling film to increase humidity. After 3 days, the cling film was removed and plants were grown
until the harvest of T, seeds.

2.2.1.4.1 Confirmation of transformation by gDNA extraction and PCR

To determine whether the A. thaliana transformation was successful, genomic DNA was extracted
from leaves of T; plants, followed by PCR to detect the presence of L2 T-DNAs. Leaves from 3-weeks-
old A. thaliana plants, which were grown in soil, were used for gDNA extraction. 2 medium sized leaves

were harvested into 2 mL Eppendorf tubes containing two metal beads and frozen in liquid nitrogen.
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Frozen leaves were ground using a BeadBugTM microtube homogenizer (3x 6 sec at 2,600 rpm). 500
ulL fresh gDNA extraction buffer (200 mM Tris-HCL (pH: 7.5), 250 mM NaCl, 25 mM EDTA, 0.5% (v/v)
SDS in dH,0) were added to tubes and mixed. Samples were incubated for 10 min on a shaker at room
temperature. After the incubation, 500 pL chloroform were added to each sample and samples were
incubated on a shaker for 5 more min. Incubation was followed by centrifugation at 18,000 g for 10
min at room temperature. The supernatants were transferred into new tubes containing 500 pL
isopropanol and the samples were vortexed thoroughly. gDNA was precipitated at -20°C overnight.
The following day, the samples were centrifuged for 10 min at 18,000 g and the supernatants were
discarded. The pellets were washed with 500 pL 70% ethanol and centrifuged for 5 min at 18,000 g.
After the ethanol was removed, the pellets were dried completely at 37°C. Finally, the pellets were
dissolved in 20-50 pL H,0, depending on the sizes of pellets. The concentrations were measured using
a NanoDrop. For genotyping PCR, KAPA Tag DNA polymerase with primers pGY1l-fwd and
FASTR_int_rev (See Section 2.2.1.2 for reaction protocol) was used. As a template 200 ng/uL gDNA
was pipetted. Elongation time was set to 3 min. The presence of the right sized PCR fragments was

confirmed with 1.2% agarose gel.

2.2.1.5 Propagation of homozygous lines

L2 expression cassettes used for A. thaliana transformation contained the red fluorescing FAST-R
selection marker that allowed selection of successfully transformed T, seeds using a fluorescence
stereo microscope. Seeds showing red fluorescence were picked with thin tweezers. Transformed T,
seeds were propagated (Section 2.1) and T, seeds were harvested. In the T, generation, a segregation
rate of 1:2:1 of non-fluorescent to mildly fluorescent to strongly fluorescent seeds indicates a single
insertion of the transgene. The brightly fluorescing seeds of the lines showing a 1:2:1 segregation ratio
were propagated (Section 2.1). After the determination of the homozygous T3 lines on the basis of
100% fluorescent seeds, the overexpression of the corresponding genes and the presence of the
tagged proteins were confirmed by RT-qPCR (Section 2.7) and Western blot (Section 2.8.1),
respectively.

2.2.2 Generation of fluorescent reporter lines

2.2.2.1 COLORFUL-Circuit System

Since Bpil and Bsal restriction enzyme recognition sites are highly abundant in the promoters of CDKs
and CYCDs, it was not possible to use Golden Gate Cloning to generate translational fusions with
fluorescing protein genes under the control of their native promoters for CDKBs and CYCDs. Instead,
the “COLORFUL-Circuit system” was used (Ghareeb et al., 2016). Full sequences of the genes of
interest including promoter regions corresponding to approximately 1,000 bp upstream from the

transcriptional start sites were obtained by using PlantGenlE ((Sundell et al., 2015);
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https://plantgenie.org/). In case of an overlap with another gene or the presence of a restriction
enzyme recognition sites intended for the use in the cloning process, the promoter regions were
shortened as needed. Genomic DNA (gDNA) was amplified from Col-0 gDNA pool using gene-specific
primers with Rsrll (forward primer) and BamHI (reverse primer) recognition site overhangs,
respectively. FAST-R cascade was amplified with Pme1 restriction enzyme overhangs. The stop codons
were removed to allow in-frame fusion with the coding sequence of a fluorescent protein gene (See
Table S1 for the primers). For PCR amplification of the gene fragments, Q5 High-Fidelity DNA
polymerase was used with the protocol as in Section 2.2.1.1 with minor changes: 3.5 pL of 14 ng/uL
gDNA template, primer annealing at 59°C and 2 min extension time. After confirmation of the PCR
amplification via 1.2% agarose gel electrophoresis (5 pL of the PCR products were loaded onto the
agarose gel), an A-tailing reaction was carried out as follows: 2 uL of 2 mM dNTPs and 0.4 puL DCS
Polymerase (DNA Cloning Service, cat. #DPT-500) were directly added to the remaining PCR products
and incubated at 72°C for 20 min. The whole PCR reaction mix was then subjected to gel
electrophoresis on a 1.2% agarose gel and bands of the correct size were cut out with a clean scalpel
blade. The PCR products were extracted from the gel by using the Wizard® SV Gel and PCR Clean-Up
System (Promega) according to the manufacturer's protocol.

The extracted PCR products were cloned into the pGEM®-T cloning vector by using pGEM®-T Vector
Systems (Promega). As backbone, pHG151, pHG141 and pHG123 were used. For non- invasive and
easier selection, BASTA gene of the backbones were replaced with FAST-R cascade with help of Pmel
restriction enzyme. CDKBs were intended to clone into pHG151 and CYCDs were aimed to clone into
pHG141. The ligation reaction mix was as follows: 10 pL 2x T4 ligation buffer, 1 uL pGEM®-T vector (50
ng), 8 uL PCR product, 1 pl T4 DNA ligase (3 Weiss units/ul). The reaction took place at 4°C overnight.
The ligation product was transformed into competent E. coli DH5a cells (Section 2.2.1.2). Colony PCR
was carried out to determine the presence of the constructs, which was followed by plasmid
extraction and sequencing.

2.3 Treatment of A. thaliana plants with immunity elicitors flg22 or Pep1

10 mM stock solutions of flg22 (EZBiolab; peptide sequence: QRLSTGSRINSAKDDAAGLQIA) and Pepl
(EZBiolab; peptide sequence: ATKVKAKQRGKEKVSSGRPGQHN) were prepared in sterile ddH,O and
stored at -20°C. For the assays, Col-0 plants or A. thaliana overexpressor lines were grown on ATS
plates according to Section 2.1. After some days (age varied depending on experiment), seedlings were
treated with flg22 or Pep1 solution (concentration varied depending on experiment; 100 nM or 1 uM)

under sterile conditions. Control plants were treated with sterile ddH,0 (mock).
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2.4 Root growth inhibition assay

For RGI assays, seeds were germinated and grown on respective media plates (Section 2.1). After 10
days, the root tips were marked with a permanent marker. 10-day-old plants were treated with flg22,
Pep1 solution (100 nM or 1uM) or ddH,0 under sterile conditions (Section 2.3). 1 mL of the solution
was pipetted evenly on the surface of the growth media and distributed throughout the plate by
shaking. The treated plates were air dried with open lids and returned to the growth conditions. To
measure the root growth increments, root tips were marked every day. After 4 days, the plates were
scanned and root lengths were measured using the Imagel/Fiji software (Schindelin et al., 2012).

2.5 ROS measurement

Roots of 14-day-old plants were cut into small pieces using a sharp razor blade. Around 5 mg of root
material per well were transferred into a white 96-well microplate containing 100 pl of water, and
incubated overnight to reduce wounding effects. For ROS measurement, 30 pl ml? horseradish
peroxidase (Sigma-Aldrich, 150 U/ml) and 300 uM luminol (Carl Roth) were mixed. 100 ul of the mix
were added to each well containing root material in 100 ul water. After. After 10 min , flg22 or Pep1
solutions were added to the wells to reach a final concentration of 1 pM. Luminescence was
immediately measured for 40 minutes in an Infinite M Plex plate reader (Tecan) with 1,000 ms
integration time.

2.6 Confocal laser-scanning microscopy and fluorescence quantification

14-day-old pPER5:: NLS-3xmVENUS and pMYB51:: NLS-3xmVENUS (Poncini et al., 2017) plants were
treated with 1 uM flg22, Pepl or mock. 6 and 24 h after treatment, whole plants were fixed in 4%
paraformaldehyde in 1x PBS for 1 h with gentle agitation after vacuum infiltration (3 times 5 min).
Roots were washed twice in 1x PBS and transferred to ClearSee solution (Ursache et al., 2018).
Samples were kept at RT in the dark. On the day of microscopic examination, the cell walls of the fixed
roots were stained with 0.2% Direct Red 23 (Sigma-Aldrich) in ClearSee solution (Ursache et al., 2018).
Images were taken with a confocal laser-scanning microscope (Leica SP8). mVENUS fluorescence was
excited at 514 nm and detected between 525 and 555 nm. Direct Red 23 was excited with a 561 nm
laser line and detected between 580 and 615 nm. Leica Application Suite X was used for image
processing and fluorescence quantifications was performed with the Imagel/Fiji software (Schindelin

et al., 2012).
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2.7 Quantification of gene expression

2.7.1 Preparation of plant material

To examine PTI marker gene induction and investigate changes in the expression of cell cycle
regulators in A. thaliana, Col-0 wild type seedlings were grown on ATS media or % MS media (Section
2.1). After 12 days, seedlings were treated with 100 nm flg22 or with sterile ddH,0 (mock) (Section
2.3). Root material was harvested and frozen in liquid nitrogen at 4, 24 and 48 h after treatment (hat).
For the confirmation the stable overexpression of cell cycle regulators in A. thaliana (Section 2.2.1),
seeds of transgenic lines as well as Col-0 wild type were sterilized using the chlorine gas method
(Section 2.1) and sowed and grow on ATS plates. Approximately 2 weeks later, roots were harvested
and transferred into 2 mL Eppendorf tubes with 2 metal beads, which was followed by freezing in
liquid nitrogen.

To test induction of PTI marker genes in N. benthamiana after flg22 treatment, plant material was
prepared according to Section 2.8.2.1 and 2.8.2.2.

2.7.2 Total RNA extraction

Frozen root material or leaf discs were ground using a BeadBugTM microtube homogenizer (3x 6 sec
at 2,600 rpm). 1 mL TRI Reagent® (Invitrogen™) was added to each tube and tubes were vortexed
thoroughly. Then 200 uL chloroform was added and samples were vortexed for 15 sec, which was
followed by 3 min incubation on ice. Samples were centrifuged at full speed for 30 min at 4°C.
Supernatants were carefully transferred into RNase-free 1.5 mL Eppendorf tubes without gDNA
contamination from the interphase. Subsequently, 500 pL isopropanol was added to samples and RNA
was allowed to precipitate at -20°C overnight. The following day samples were centrifuged at full
speed for 50 min at 4°C. Supernatants were discarded and pellets were washed with 1 mL ice cold 75%
ethanol (prepared with RNase-free water). Pellets were dried and resuspended in 15-30 pL
RNase/DNase free H,O. RNA concentrations were measured with a NanoDrop spectrophotometer.

2.7.3 DNase digest and cDNA synthesis

DNase digest was performed to remove residual gDNA from samples. The reaction per sample was as
follows: 2 pg total RNA, 2 uL 10x reaction buffer, 2 uL DNase | (Thermo Scientific, cat. # EN0521), 0.5
uL RiboLock RNase inhibitor (Thermo Scientific, cat. # EO0381), topped up to a total volume of 20 pL
with nuclease-free water. The reaction mix was incubated at 37°C for 30 min in a thermal cycler.
Afterwards, 2 uL of 50 mM EDTA (Thermo Scientific) was added and samples were incubated at 65°C
for 10 min to stop the DNase reaction. RNA concentrations were re-measured before proceeding with
cDNA synthesis using the gScript™ cDNA Synthesis Kit (Quanta Biosciences, cat. # 95047-100). The
reaction mix was as follows: 1 pg RNA, 4 pL 5x qScript™ reaction mix, 1 pL gScript™ reverse

transcriptase, topped up to a total volume of 20 pL with nuclease free water. Thermo cycler program:
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5 min at 25°C, 30 min at 42°C, 4 min at 85°C, then held at 8°C. The cDNA samples were diluted to 5
ng/ul by adding ddH0.
2.7.4 Quantitative real-time PCR (qRT-PCR)

Standard curves were generated for each primer pair designed in this study to ensure that they bind
and amplify their targets precisely. For this purpose, serially diluted cDNA pools from different CDK-
or CYC-overexpressing lines were generated (5 ng/uL, 1 ng/uL, 0.2 ng/uL, 0.04 ng/uL). Reaction mixes
for the standard curve: 4 uL SYBR® Green JumpStart™Taq ReadyMix (Sigma-Aldrich, cat. # $9194), 0.2
puL 10 uM forward primer, 0.2 uL 10 uM reverse primer, 0.6 pL H,0 and 5 pL cDNA. QuantStudio 5
Real-Time PCR Systems (Thermo Fisher Scientific) was used for amplification using the following
thermoprofile: 5 min at 95°C, 40 cycles of [15 s at 95°C, 30 s at 60°C, 30 s at 72°C]. The PCR
amplification was followed by a melting curve to confirm single PCR product amplification. For gene
expression quantification, gRT-PCR reaction mix was as follows: 4 uL SYBR® Green JumpStart™Taq
ReadyMix, 0.2 puL 10 uM forward primer, 0.2 uL 10 uM reverse primer (Supplementary Table 1 for
primers), 4.6 uL HO and 1 pL of 5 ng/uL cDNA. The thermoprofile was the same as above. Each sample
was run in triplicates, and A. thaliana samples were normalised against the average CT values of
house-keeping genes UBIQUITIN 5 (AtUBQ5) and elongation factor 1 alpha (AtEFla) for A. thaliana,
whereas N. benthamiana samples were normalised against NbEFl1a. Absolute expression and/or
relative expression were calculated according to the 22t and 22 methods, respectively (Schmittgen
& Livak, 2008).

2.8 Analysis of protein expression levels

2.8.1 Detection of tagged cell cycle proteins in stably transformed A. thaliana transgenic lines by

Western blot

2.8.1.1 Preparation of plant material and MG132 treatment

In order to confirm the presence of tagged CDKB and CYCD proteins in stably transformed A. thaliana
lines, plants of each line were grown on ATS plates (2 plates per line with approximately 50 seeds per
plate). Although, CDKBs proteins could be detected easily, CYCDs couldn’t be detected. Therefore,
MG132 treatment was performed with CYCDs overexpressing plants, but not with CDKBs
overexpressing lines. 2—3-week-old CYCDs overexpressing plants were treated with the proteosome
inhibitor MG132 (Z-Leu-Leu-Leu-CHO, Santa Cruz Biotehnology, cat. # sc-201270, stock 10 mM in
DMSO). 50 uM MG132 solution in dH,0 was prepared and 1 mL was applied per plate and spread
evenly. Approximately 3 h later, root or whole seedlings were harvested and frozen in liquid nitrogen.

The frozen seedlings were stored at -80 C until further use.
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2.8.1.2 Nuclear protein extraction from A. thaliana roots or whole seedlings

Frozen root samples were ground using a BeadBugTM microtube homogenizer (3x 6 sec at 2,600 rpm),
whereas whole seedlings were ground to powder using a pre-chilled pestle and mortar. Ground frozen
root or seedling samples were mixed with 1:1 and 1:2 (weight tissue : volume buffer) of protein
extraction buffer, respectively (protein extraction buffer: 150 mM Tris-HCL, pH: 7.5, 5 mM EDTA and
150 mM NaCl stored at 4°C and on the day of use supplemented with 10% glycerol, 5 mM dithiothreitol
(DTT), 1% plant protease inhibitor cocktail (PIC, Sigma-Aldrich), 1 mM phenylmethylsulfonyl fluoride
(PMSF, Sigma-Aldrich), 1% IGEPAL® CA-630 (Sigma-Aldrich, cat. #13021)). Samples were incubated on
ice for 3-5 min and then centrifuged at 20,000 g for 15 min at 4°C. The supernatants were transferred

into new tubes. If necessary, centrifugation and transfer steps were repeated several times.

2.8.1.3 Quantification of protein concentrations

An assay using Bradford reagent (Sigma-Aldrich, cat. # B6916) was performed to measure and equalize
the protein concentrations in whole-seedling samples. For a standard curve a serial dilution of bovine
serum albumin (BSA, 0.0, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4 mg/mL) was prepared, and 5 pL of each
concentration were mixed with 250 uL Bradford reagent in triplicates in a transparent 96-well plate.
The protein extracts (Section 2.8.1.2) were diluted with water (1:5) and just like the BSA samples, 5 pL
of diluted protein extracts were mixed with 250 puL Bradford reagent in triplicates. Air bubbles were
removed, and the plate was gently mixed and incubated for 10 min at room temperature. Using an
Infinite M Plex plate reader (Tecan), the absorbance at 595 nm was measured. A linear standard curve
was generated by using BSA absorbance values. Based on this and taking the dilution factor into

account, the concentrations of protein extracts were calculated.

2.8.1.4 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

The Mini-Protean® tetra hand cast system (Bio-Rad Laboratories) was used for gel preparation and
electrophoresis. After glass plates (1 mm spacer plates and short plates) were cleaned with 30% SDS
and 70% ethanol, the casting stand was aligned. For two gels, a 12% resolution gel was prepared with
4 mL 30% acrylamide/bis solution (Serva), 3.4 mL H,0, 2.5 mL of 4x resolution buffer (1.5 M Tris base,
pH: 8.8 adjusted with 4 M HCl, store at 4°C), 100 puL of 10% SDS), 100 pL 0.1g/mL ammonium persulfate
(APS, Sigma-Aldrich), 7.5 pL tetramethylethylenediamine (TEMED, Sigma-Aldrich)). After the
resolution gel was polymerized, a stacking gel was prepared with 1 mL 30% acrylamide/bis solution,
3.6 mL H;0, 600 puL stacking buffer (1 M Tris base, pH: 6.8 adjusted with 4 M HCl, store at 4°C), 50 uL
of 10% SDS, 50 uL 0.1g/mL APS, 7.5 uL TEMED and a 10-well comb was inserted into the gel. After
complete polymerization, the gels were assembled into the running module and the tank was filled
with 1x running buffer (for 1 L: 2.5 mM tris base, 19.2 mM glycine, 1 g SDS pellets, pH:8.3). 4 ul 5x
loading buffer (0.25 M Tris-HCl (pH: 6.8), 0.5 M DTT, 10% SDS, 50% glycerol, 0.5% bromophenol blue)
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were added to 30 pg of protein sample (calculated according to Section 2.8.1.3), and the mix was
topped up to a total volume of 20 pl with H,0. Protein samples were denatured for 10 min at 95°C. 8
uL PageRuler™ Prestained Protein Ladder (ThermoFischer Scientific, cat. # 26616) as size marker was
loaded onto the gels. The gel was run at 80 V through the stacking gel and 100 V through the resolution

gel at room temperature until the samples reached the bottom of the gel.

2.8.1.5 Membrane transfer, immunoblotting and detection

After separation by electrophoresis, proteins were transferred from the polyacrylamide gel to a
polyvinylidene difluoride (PVDF) membrane using a Trans-Blot Turbo Transfer System semi-dry
blotting instrument (Bio-Rad Laboratories). A standard sandwich system was employed: 4 layers of
Whatman paper soaked in 1x Torbin buffer (25 mM Tris base, 19.2 mM glycine, pH 8.6 with HCI, 20%
(v/v) methanol)), activated membrane (Transfer membran ROTI®PVDF 0.45, cat. # T830.1 - activation
in methanol for 30 secs and rinsed with 1 x Torbin buffer), polyacrylamide gel, 4 layers of Whatman
paper (soaked in 1x Torbin buffer). The following program was used for transfer: >Bio-rad> 2 mini or
1 midi gel> Standard (25 V, 1.0 A, for 30 min).

After the protein transfer, membranes were blocked for 1 h with gentle shaking in 5% milk-TBST buffer
(for 10x TBS: 1 M Tris base, 1.5 M NaCl, pH:7.5-8.0 with HCI, for TBST: 1x TBS with 0.1% Tween20 and
5% powdered milk (Carl-Roth, cat. # T 145.2)). Blocking was followed by antibody incubation with 5%
milk-TBST with respective antibodies (Table 3) at 4°C overnight.

On the next day, membranes were washed 4 times with TBST for 10 min each with gentle shaking.
Finally, membranes were treated with a chemiluminescent substrate (Amersham™ ECL™ Prime
Western Blotting Detection System, Cytiva cat. # RPN2232; 300 pl solution A + 300 pl solution B) for 5
min. Chemiluminescence was visualised by a ChemiDoc detection system (Bio-Rad Laboratories).

For loading control, membranes were stained with Coomassie Brilliant Blue (CBB, 50% methanol +
0.1% R-250 Coomassie Brilliant Blue, Serva), and destained in 10% acetic acid + 40% methanol (2x, 5
min). After air-drying of the membranes, membranes were scanned. If necessary, Western blot band
intensities were quantified using Image) (Fiji) software. Band intensities were normalized against total

protein levels, as visualized by CBB-stained membranes.

Table 3: Antibodies used in this study

Antibody name Working concentration (in 5% TBST-milk) Source Cat. #
c-myc antibody-horseradish peroxidase 1:10000 Miltenyi Biotec 30-092-113
(a-MYC-HRP)
a-HA-Peroxidase 1:4000 Roche 12013819001
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2.8.2 Analysis of tagged protein expression in N. benthamiana and assessing protein levels after

PTl induction

2.8.2.1 Agrobacterium infiltration of N. benthamiana leaves for transient protein expression

4-5-weeks-old N. benthamiana plants were used for transient transformation by Agrobacterium
infiltration. 10 mL A. tumefaciens cultures containing CDK or CYC expression constructs (Section
2.2.1.1) were grown at 28°C over night. On the next day, cultures were centrifuged at 3,000 g for 8
min and pellets were resuspended in 5 mL infiltration buffer (19 mM MES pH: 5.6, 10 mM MgCl;, 100
uM 3’,5’-dimethoxy-4’-hydroxy-acetophenone (acetosyringone; Sigma-Aldrich, cat. # D134406)). The
ODeoo Was measured and each CDK- or CYC-containing culture were mixed with infiltration buffer to
give an ODgoo of 0.5 and for the P19 culture an ODggo of 0.4 in 5 mL each. Equal volumes of each CDK-
or CYC-containing culture and P19 culture were mixed and 1/3 of 3-4 leaves of N. benthamiana plants
were infiltrated via the abaxial side with infiltration mix using a needle-less 1 mL syringe. Plants were

returned to growth conditions.

2.8.2.2 Treatment of N. benthamiana leaf discs with immunity elicitor flg22

Two days after Agrobacterium-infiltration, 12 leaf discs per condition (0.33 cm diameter) were
collected carefully from A. tumefaciens infiltrated leaf areas using a biopsy punch. The collected leaf
discs were placed singly and with their adaxial side facing upwards into the wells of a 96-well plate
each containing 100 pl of ddH,0. In order to reduce wounding effects, leaf discs were incubated
overnight at the growth conditions. On the next day, leaf discs were treated with 1 uM flg22 (final
concentration: 1 uM) or with ddH,O (mock). After 6 and 24 hat, leaf discs were collected into 2 mL
Eppendorf tubes, which contained 2 glass beads. Flash frozen leaf discs were stored at -80 C until

further use.

2.8.2.3 Protein extraction and detection in N. benthamiana

Flash frozen N. benthamiana leaf discs were ground using a tissue lyser (TissueLyser I, QIAGEN) at 30

s'1 for 2x 15 sec. 300 uL of 2x loading buffer (Section 2.8.1.5 for the loading buffer) was added to
ground samples. After incubation on ice for 2-5 min, the samples were vortexed thoroughly and
centrifuged at 20,000 g for 15 min at 4°C. 30 pL of the supernatant was transferred into new tubes
and protein samples were denaturated at 95°C for 10 min. 18 uL of the samples was loaded onto and
SDS polyacrylamide gel and detection of protein expression by Western blot was done as described
above (Sections 2.8.1.4-5).

2.9 Statistical analysis

All data are acquired from at least three independent biological experiments if not specified
otherwise. All the Statistical analysis was performed using GraphPad Prism version 10. Normality of

the data was assessed using Shapiro-Wilk normality test. For comparisons between two groups, an
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unpaired two-sided Student’s t-test significant was employed. For multiple group comparisons, one-
way ANOVA followed by Tukey’s Honest Significant Difference test was used for normally distributed
data. In case of non-normal distribution, the Kruskal-Wallis test followed by Dunn’s multiple test was
applied. Statistical comparisons were visualized using asterisks (p < 0.001 (***), p < 0.01 (**), p < 0.05
(*), ns: not significantly different) or a compact letter display, where different letters indicate

differences (p<0.05).
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3 Results

3.1 The effect of growth media on PTI activation levels

3.1.1 Outline of the chapter

ATS and MES-buffered % MS media are the most used growth media for PTI studies (Lincoln et al.,
1990; Murashige & Skoog, 1962). However, previously in the Schéfer lab, it was observed that flg22-
induced RGI was more pronounced in ATS-grown plants when compared to those grown on % MS
(Rich-Griffin et al., 2020). In this work, | examined immunity outputs such as RGI, ROS burst and
upregulation of immunity marker genes in roots of plants grown on ATS or % MS media. The aim of
the section was to show the importance of growth media choice in determining the immune response
of plant roots in a qualitative and quantitative manner.

3.1.2 Plants grown on ATS medium show stronger flg22-induced RGI than plants grown on % MS

medium, and this is independent of gelling agent or pH buffering

In previous experiments, it had been observed that upon flg22 or Pepl treatment, immunity reporter
lines pMYB51::NLS-3xmVENUS and pPER5::NLS-3xmVENUS showed more pronounced RGI when
grown on ATS medium compared to plants grown on % MS medium (Rich-Griffin et al., 2020). In the
present work, it should be examined whether the observed phenotype was specific to the reporter
lines or if plants grown on ATS medium in general exhibited stronger PTI responses. To investigate
this, wild-type Col-0 plants were grown on solid ATS or %5 MS media prepared after standard protocols
(Lincoln et al., 1990; Murashige & Skoog, 1962) and treated the roots with 1 uM flg22 or Pep1 solution.
With an average length of 73 mm, roots of mock treated seedlings grown during 14 days on ATS
medium were much longer than those of seedlings grown on % MS (average root length 50 mm; Figure
4A). flg22-treated seedlings grown on ATS medium showed a significant reduction in primary root
length and retained a growth of only approximately 65% relative to mock treated seedlings. In
contrast, root lengths of flg22-treated plants grown on % MS still showed around 92% of the growth
when compared to mock treated plants. However, Pepl treatment resulted in strong decrease in root
lengths of both ATS- and % MS-grown plants of about 53% and 61%, respectively (Figure 4B). These
results indicate that ATS medium supports growth of A. thaliana roots better than % MS medium, and
RGI induced by flg22 but not by Pep1 is impaired in plants grown on % MS compared to those grown

on ATS medium.
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Figure 4: Root growth and flg22-induced RGI is significantly reduced in plants grown on % MS medium
compared to ATS grown plants: Roots of 10-day-old Col-0 wild-type plants, grown on % MS or ATS media plates
were treated with 1 uM flg22, 1 uM Pep1 or water (mock). (A) Total primary root lengths were measured after
4 days. (B) Primary root lengths relative to mock treatment. At least 20 roots were counted per condition.
Columns and error bars represent mean values * SD. The experiment was repeated three times with similar
results. Asterisks indicate significant differences with respect to the mock according to ANOVA followed by
Tukey’s honest significance test. p < 0.001 (***), p < 0.01 (**), p < 0.05 (*), ns: not significantly different.

Next, | investigated whether the choice of gelling agent has an influence on RGI after activation of root
immunity. Phyto agar is a high strength agar selected for plant tissue culture and is commonly used
for solidifying MS medium. ATS medium is often solidified with Gelrite™, which is a gelling
polysaccharide produced by microbial fermentation (Shungu et al., 1983). Therefore, | used both
gelling agents in both types of media and compared flg22- or Pep1-mediated RGI (Figure S1A). When
examining the overall growth of plant roots, the use of ATS medium with phyto agar (average root
length 58 mm) negatively affected the root lengths compared to the use of ATS medium with Gelrite™
(average root length 71 mm). On the other hand, using % MS medium with phyto agar or Gelrite™
had no significant effect on the root lengths: in both conditions the average root length was about 47
mm (Figure S1A). When | analysed flg22- or Pep1-treated plants, phyto agar as a solidifying agent for
ATS medium had no significant effect on the severity of RGl induced by either MAMP when compared
to Gelrite™-containing ATS medium. Root growth was reduced by about 65% in flg22-treated plants
grown on ATS medium with Gelrite™ and 66% in flg22-treated plants grown on ATS medium with
phyto agar. In Pepl treated plants, the reduction was 50% on and 40%, respectively (Figure S1A). In
contrast to that, plants grown on % MS supplemented with Gelrite™ showed a statistically significant
but slightly stronger RGI upon flg22 treatment compared to those grown on % MS phyto agar. The
reduction was around 73% and 82%, respectively. In Pepl treated plants, | did not observe a significant

difference in RGlI, the reduction was about 41% in both conditions (Figure S1A).
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Recent studies have indicated that the environmental or extracellular pH has a crucial role in PTI
signalling pathways and immune responses (Liu et al., 2022; Yu et al., 2019a). For instance, the
extracellular alkalinization plays an important role in promoting PTI in roots (Liu et al., 2022).
Furthermore, root-associated bacteria could suppress local root immune responses by lowering the
environmental pH in A. thaliana seedlings (Yu et al., 2019a). The pH of %4 MS medium is frequently set
to around 5.7-5.8, whereas ATS medium is slightly basic (pH around 6.75). Furthermore, the MES-
buffer system is commonly employed in %2 MS medium (e.g. Kagenishi et al., 2016)), whereas ATS is
usually prepared without buffering (Rich-Griffin et al., 2020). Therefore, | wondered if the reduced RGI
could be attributed to the buffering of the media. Col-0 plants were grown on buffered or non-
buffered ATS or %4 MS media and treated with flg22 or Pep1l. Buffering of ATS did not affect root growth
in general or their sensitivity to flg22- or Pepl-induced RGI. Plants grown on non-buffered % MS
medium grew slightly better, but the buffering of the media had no major effect on RGI levels (Figure
S1B). Taken together, plants grown on ATS medium exhibited stronger flg22-induced RGI compared
to those grown on % MS medium, regardless of gelling agent or pH buffering.

3.1.3 flg22 or Pepl-induced ROS burst is stronger in roots of plants grown on ATS medium when

compared to plants grown on % MS

The striking difference in RGI intensity between plants grown on ATS or %2 MS media led me to test
other hallmark PTI responses. ROS generation is one of the earliest responses of plant cells to flg22 or
Pepl treatment (Poncini et al., 2017). Therefore, | compared ROS burst intensities in ATS- or %2 MS-
grown A. thaliana roots after treatment with 1 uM flg22 or Pep1 by employing a luminol-based assay
(Gémez-Gémez et al., 1999; Jacobs et al., 2011; Poncini et al., 2017). Roots of Col-0 plants grown on
% MS medium responded with a fast and transient production of ROS to flg22 treatment (Figure 5A
and Figure S2). However, plants grown on solid ATS medium produced more than twice the amount
of ROS after flg22 treatment compared to plants grown on solid %4 MS medium (Figure 5A). Although
the production of ROS in plant roots after Pepl treatment was generally lower than after flg22
treatment, ROS production in roots of plants grown on % MS was considerably lower than that in roots
of ATS-grown plants after Pep1 treatment (Figure 5B and Figure S3). These findings indicate that the
intensity of flg22- or Pepl-triggered ROS burst varies depending on the growth media used for plant

growth and is generally lower in roots of plants grown on % MS medium.
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Figure 5: flg22- or Pepl-induced ROS burst is less strong in roots of plants grown on % MS medium when
compared to ATS medium: 14-day-old Col-0 wild-type plants were grown on ATS or % MS and roots were treated
with 1 uM flg22, 1 uM Pep1 or water (mock). (A-B), Luminol-based detection of ROS production after flg22 or
Pepl treatment, respectively. The graphs show mean values of 6 technical replicates + SE. The experiments were
repeated three times with similar results. RLU: relative luminescence units, AUC: area under curve. Asterisks
indicate significant differences according to ANOVA followed by Tukey’s honest significance test. p <0.001 (***),
p <0.01 (**), p < 0.05 (*), ns: not significantly different.

3.1.4 flg22- or Pepl-induced PTI reporter gene expression is stronger in roots of plants grown on

ATS compared to %> MS-grown plant

| then asked whether the expression of PTl-related marker genes is also affected by the type of plant
growth media. | selected a set of defence marker genes: CALMODULIN-BINDING PROTEIN 60g
(CBP60g), is involved in MAMP-triggered salicylic acid production (Wang et al., 2009), FLG22-INDUCED
RECEPTOR-LIKE KINASE 1 (FRK1) is a flg22-responsive receptor-like-kinase (Asai et al., 2002), and
WRKY22 encodes a transcription factor, which activates early MAMP genes (Asai et al., 2002). Col-0
WT plants were grown on either ATS or %4 MS media for 10 days and then treated with 1 uM flg22 or
Pep1l, or with H,0 as control (mock). 2 h after treatment, whole roots were harvested and total RNA
extracted. Transcriptional analysis via qRT-PCR demonstrated that 2 hours after treatment with either
immune elicitor, all tested reporter genes showed an induced expression, whereby flg22 always

elicited a stronger response than Pepl irrespective of the media used for plant growth. Importantly,
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all tested genes showed a stronger induction in the roots of plants that were grown on ATS medium

compared to % MS-grown plants in response to both, flg22 or Pepl treatment (Figure 6 and Figure

S4).
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Figure 6: The expression of flg22- or Pep1-induced PTI reporter genes is suppressed in roots of plants grown on
% MS medium compared to ATS grown plants: 10-day-old Col-0 wild-type plants were grown on solid ATS or %
MS medium and roots were treated with 1 puM flg22, 1 uM Pep1l or water. Roots were harvested 2 hours after
treatment and gene expression was analysed by qRT-PCR. (A-C), Expression of the marker genes CBP60g, FRK1,
and WRKY22, respectively. Columns and bars represent mean values * SE from one representative experiment.
The experiment was repeated three times with similar results. Asterisks indicate significant differences with
respect to the mock samples according to ANOVA followed by Tukey’s honest significance test. p < 0.001 (***), p
<0.01 (**), p <0.05 (*), ns: not significantly different.
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3.1.5 The media used for plant growth has an influence on the strength and location of flg22-

induced expression of PTI reporters in A. thaliana roots

| also wanted to analyse whether different growth media have an influence on activation of PTl in
different root developmental zones. The oxidative stress-related gene PEROXIDASE 5 (PER5) and MYB
DOMAIN PROTEIN 51 (MYB51), a gene involved in the regulation of glucosinolate biosynthesis, are
widely used as early PTI response genes (Zhou et al., 2020). In the PTI reporter lines pPER5::NLS-
3xmVENUS and pMYB51::NLS-3xmVENUS, the expression of a nuclear-targeted triple mVENUS
fluorophore is driven by the promotor of PER5 or MYB51, respectively. These marker lines can be used
to visualize activated root immunity on a cellular level (Poncini et al., 2017; Zhou et al., 2020). To study
the spatial activation of PTl in a growth media-dependent way, reporter plants were grown on ATS or
% MS media for 14 days and then treated with 1 uM flg22, Pep1 or water (mock). After 6 and 24 hours,
reporter gene expression was analysed in different root zones via confocal laser-scanning microscopy.
In both immunity marker lines, flg22-induced reporter gene expression was strongly induced in the
RAM at both time points when plants were grown on ATS medium (Figure 7,8 and Figure S5,6). Marker
lines grown on % MS showed hardly any fluorescence signal in the RAM at 6 h after flg22 treatment.
At 24 hat, there was an increased reporter gene activity in the RAM after flg22 treatment, but this was
significantly lower than that induced in the RAM of ATS-grown plants (Figure 7,8).

The Pepl-induced fluorescence signal in the RAM of plants of the pMYB51::NLS-3xmVENUS marker
line was generally weaker than that induced by flg22 in ATS-grown plants (Figure 7 and Figure S5).
There was a significantly stronger signal in %2 MS-grown plants at 6 h after Pepl treatment, but there
was no consistent significant difference between ATS- and % MS-grown plants at the later time point
across both experiments. In the pPER5::NLS-3xmVENUS line, the Pepl-induced fluorescence signal
was generally lower than that induced by flg22 in ATS-grown plants at both 6 and 24 hat. In addition,
unlike in flg22-treated roots, the fluorescence signal was hardly detectable in the outermost cell layer
of the RAM when roots had been treated with Pepl. Instead, it was much stronger in the cells of the
stele. After Pepl treatment, there was no quantitative difference in the fluorescence intensities in the
RAM between plants grown on different growth media (Figure 8).

In the differentiation zone (DZ), both elicitors induced reporter gene expression at both time points.
At 6 h after flg22 treatment, a fluorescence signal could be detected in epidermis and cortex cells of
pMYB51::NLS-3xmVENUS roots and the signal intensities were not statistically different between
plants grown on ATS or grown on % MS media. At 24 hat, there was no difference in the signal
intensities. In the Pepl-treated plants, the fluorescence signal intensities were higher at both time

points than those in flg22-treated plants and more pronounced in the stele. There was no significant
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difference in fluorescence intensities when | compared ATS- with % MS-grown plants after Pepl
treatment at 6 or 24 hat in the DZ (Figure 7 and Figure S5).

In the pPER5::NLS-3xmVENUS line, fluorescence signals in the RAM were significantly higher in ATS-
grown plants at both timepoints after flg22. However, flg22 treatment induced significantly stronger
fluorescence signals in the DZ of ¥4 MS-grown plants compared to ATS-grown plants at 6 hat. However,
at 24 hat there was no more significant difference in fluorescence intensities between ATS- and % MS-
grown plants after flg22 treatment in the DZ. The growth medium did not seem to have a significant
effect on the Pepl-induced pPERS5::NLS-3xmVENUS signal in both RAM and DZ. Like in the RAM, flg22
mostly induced the fluorescence signal in the outermost cell layers of the roots, whereas Pepl
prompted a reporter signal in the stele in the DZ of pPER5::NLS-3xmVENUS plants (Figure 8 and Figure
S6). It can be concluded that the type of plant growth media used can lead to major differences in
elicitor-induced PTI-marker expression, especially in the RAM.

Taken together, these analyses show that there are qualitative and quantitative differences in the
spatio-temporal induction of root immune responses to various immune elicitors, and these can be

affected by the kind of medium used for plant growth.
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Figure 7: flg22 induces stronger PTI reporter gene expression in the meristematic zone of plant roots grown on
ATS media: pMYB51::NLS-3xmVENUS plants were grown on solid ATS or % MS media and roots were treated
with 1 uM flg22, 1 uM Pep1l or water. Roots were harvested 6 or 24 hours after treatment (hat). (A) mVENUS
expression (yellow) in the root apical meristem (RAM) and differentiation zone (DZ). Root cell walls were stained
with Direct Red 23 (magenta). (B) Quantification of mVENUS signals in the respective root areas. AU: arbitrary
unit. Columns and bars represent mean values * SD of one representative. Different letters indicate significant
differences according to ANOVA test followed by Tukey’s honest significance test. The experiment was repeated
two times with similar results.
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Figure 8: flg22 induces stronger PTI reporter gene expression in meristematic zone of plants grown on ATS
plates: 14-day-old pPER-5::NLS-3xmVENUS plants were grown on solid ATS or % MS and roots were treated with
1uM flg22, Pepl or water. Roots were harvested 6 hours after treatment (hat) (A) mVENUS expression (yellow)
in the root apical meristem (RAM) and differentiation zone (DZ). Root cell walls were stained with Direct Red 23
(magenta). (B) Quantification of mVENUS signals in the respective root areas. AU: arbitrary unit. Columns and
bars represent mean values + SD of one representative. Different letters indicate significant differences according
to ANOVA test followed by Tukey’s honest significance test. The experiment was repeated two times with similar
results.
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3.2 An overview of A. thaliana B-type CDKs and D-type CYCs

3.2.1 Outline of the chapter

This chapter includes computational analyses of A. thaliana CDKB and CYCD gene and protein
sequences, focusing on understanding their genomic organization and structural features. This
includes gene models, protein sequence alignments, phylogenetic trees, analysis of protein domains
and common motifs of the proteins of interest, their predicted subcellular localization and their
stability. The aim of the chapter was to gain insight into the (predicted) functional nature of CDKBs
and CYCDs and to provide a guide to experimental research in the following chapters.

3.2.2 In silico analysis of A. thaliana B-type CDKs and D-type CYCs

In the A. thaliana genome, there are 4 genes coding for B-type CDKs (CDKB1,1, CDKB1,2, CDKB2;1,
CDKB2;2), and 10 genes for D-type CYCs (CYCD1;1, CYCD2;1, CYCD3;1, CYCD3;2, CYCD3;3, CYCD4;1,
CYCD4;2, CYCD5;1, CYCD6;1, CYCD7;1) (Oakenfull et al., 2002). The genes encoding CDKB2;1, CDKB2;2,
CYCD1;1 are located on chromosome 1, CDKB1,;2 and CYCD2;1 are found on chromosome 2, CDKB1;1
and CYCD3;3 are situated on chromosome 3, CYCD3;1, CYCD5;1 and CYCD6;1 are found on
chromosome 4, and CYCD3;2, CYCD4;1, CYCD4,;2 and CYCD7;1 are located on chromosome 5. The gene
models were obtained from The Arabidopsis Information Resource (TAIR) and visualized using
http://wormweb.org/exonintron (Berardini et al., 2015; Bhatla, 2012) (Figure S7). TAIR proposes one
gene model for CDKB1;1, CDKB2;1, CDKB2;2, CYCD1,;1, CYCD3;1, and CYCD3;3, two for CYCD2;1,
CYCD3;2, CYCD4;2, CYCD6;1 and CYCD7;1, three for CYCD5;1, and four gene models for CDKB1;2 and
CYCD4;1.

The canonical protein sequences of AtCDKBs and AtCYCDs were obtained from the UniProt database
(https://www.uniprot.org/) and were aligned using the Clustal Omega multiple sequence alignment
tool (https://www.ebi.ac.uk/jdispatcher/msa/clustalo) with the default settings and depicted using
Jalview 2. Conserved amino acids were highlighted in blue (Figure S8 and S9) (Madeira et al., 2024;
Waterhouse et al., 2009). In addition, phylogenetic trees were generated using the Clustal Omega
multiple sequence alignment tool. According to the phylogenetic tree, CDKB1;1 and CDKB1;2 likely
diverged from a common ancestor as they shared the same node, while CDKB2;1 and CDKB2;2 formed
another clade. The sequence alignment revealed that there was a high homology between CDKB1;1-
CDKB1;2 (88.75% identical) and CDKB2;1-CDKB2;2 (87.58% identical), respectively (Figure S10).

For the A. thaliana D-type CYCs the protein sequence alighment showed a much higher diversity. The
closest homologs of CYCD1;1 were likely CYCD2;1, CYCD4;1 and CYCD4;2 (35.09%, 36.16% and 33.66%
identical with CYCD1;1, respectively). CYCD3;1, CYCD3;3, CYCD3;2 and CYCD5;1 formed a separate.
CYCD6;1 and CYCD7;1 were more distantly related to the other CYCs. The distribution of CYCD proteins
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in different clades and the low level of sequence conversation indicated that they have likely evolved
independently from one another and may have slightly different structures and functions (Figure S11).
To have a better understanding of potential functional features of the protein of interests, protein
structures were analyzed in silico (Figure 9 and 10). According to InterPro analysis
(https://www.ebi.ac.uk/interpro/), all of the CDKBs have a protein kinase domain (Pkinase), as
expected. The hallmark amino acid sequence motif of the CDKB1 family is PPTALRE, whereas the
CDKB2 family has a P(S/P)TTLRE motif (Vandepoele et al., 2002). In line with this, the PPTALRE motif
was identified in the N-terminus of CDKB1;1 and CDKB1;2, while PSPTTLRE and PPTTLRE motifs could
be located in the N-terminus of CDKB2;1 and CDKB2;2, respectively (Figure S8). Data from the UniProt
(UniProt Consortium, 2018) protein database indicated that all CDKB proteins are localized to the
nucleus.

It is thought that polypeptide sequences enriched in proline, glutamic acid, serine and threonine
(PEST) serve as proteolytic degradation signals by typically the ubiquitin-proteasome system.
Therefore, the presence of PEST motifs may indicate short protein half-lifes (Rechsteiner & Rogers,
1996). To gain more insights into the stability of CDKBs and CYCDs, potential PEST motifs within the
protein sequences were analyzed by using the bioinformatic tool “ePestfind”
(https://emboss.bioinformatics.nl/cgi-bin/emboss/epestfind). A PEST score above 5 was considered
as a real biological interest. According to this, CDKB1;1, CDKB2;1 and CDKB2;2 were predicted to have
one PEST motif within their protein sequences. This might indicate that the proteins mentioned above
could be susceptible to rapid protein degradation. In addition to the PEST motif analysis, the instability
index (l.I) of the proteins was calculated by using the ProtParam tool
(https://web.expasy.org/protparam/) (Gasteiger et al., 2005). If I.| is greater than 40, the protein is
expected to be unstable in vitro. The instability indices of CDKB1;1, CDKB1;2, CDKB2;1, CDKB2;2 were
calculated as being 29.33, 32.06, 31.99, and 29.63, respectively. These values indicate that the
proteins of interest could be relatively stable in vitro (Figure 9).

CYCD protein sequences were examined for the features described above as well. It is important to
highlight that those analysis were conducted on CYCD variants that were successfully cloned (Figure
10) (Section 3.4.2). UniPortKB accession numbers of the isoforms analysed can be found in Figure 10.
CYCs have a conserved region, which is called cyclin core (Nugent et al., 1991). The cyclin core may
contain the Cyclin_N and the Cyclin_C domains. The former is highly conserved and contains the CDK-
binding site, which is known as cyclin box. The latter is less conserved (Buendia-Monreal et al., 2011).
According to the data obtained from InterPro, all of the CYCDs, except CYCD5;1 and CYCD7;1, have the
Cyclin_N and the Cyclin_C_2 domain in the N-terminus and C-terminus, respectively. CYCD5;1 and
CYCD7;1 have Cyclin_N domain as well, whereas they contain CYCLIN_ATCycD-like_rpt2 and Cyclin_C
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domains, which are slightly different than the Cyclin_C_2 domain. It is known that many A. thaliana
CYCDs have a LxCxE motif, which functions as plant retinoblastoma-related protein (pRBR)-binding
sequence (Buendia-Monreal et al., 2011). All CYCDs, except CYCD4;2, CYCD5;1 and CYCD6;1 contain a
LxCxE motif in their protein sequences, which is in line with Strzalka et al. (Figure S9) (Strzalka et al.,
2015). Similar to CDKBs, all CYCDs were predicted to localized to the nucleus (UniProt). All members
of the CYCD family, pose at least one PEST motif, which might indicate that they are prone to
proteolysis. In addition, I.I values for all CYCD1;1, CYCD2;1, CYCD3;1, CYCD3;2, CYCD3;3, CYCD4;1,
CYCD4;2, CYCD5;1, CYCD6;1 and CYCD7;1 were calculated greater than 40, which may suggest that

CYCDs are rather unstable proteins (Figure 10).

Protein Domain Hallmark motif NL  PEST motif LI
CDKB1;1 (P25859) | Pkinase | PPTALRE + + 29.33
CDKB1;2 (Q2V419) | Pkinase | PPTALRE + - 32.06
CDKB2;1 (Q8LF80) | Pkinase | PSTTLRE + 31.99
CDKB2;2 (Q8LG64) | Pkinase | PPTTLRE + 29.63

Figure 9: Protein features of the CDKBs of A. thaliana: The UniProt accession numbers of the isoforms used in
this study are given in the parentheses in the first columns. Domain information was taken from InterPro analysis.
NL: nuclear protein localization according to data from UniPort. The presence of a PEST motif was predicted by
“ePestfind”. I.I: protein instability index, 1.I>40 means protein is predicted to be instable in vitro. 1.| scores were
calculated by the ProtParam tool. Pkinase: protein kinase domain.

Protein Domains LxCxE motif NLS  PEST motif LI

CYCD1;1 (P42751) + + + 52
CYCD2;1 (FA1LI3) + + + 55.26
CYCD3;1 (P42753) + + + 63.79
CYCD3;2 (Q9FGQ7) + + + 53.54
C€YCD3;3 (Q9SN11) + + + 63.66
CYCD4;1 (FAKHY3) + . + 53.47
CYCD4;2 (QOWQNS9) - - + 45.04
CYCDS5;1 (Q2V3B2-1) [ opclin N ATcyco_like | - + + 60.03
CYCD6;1 (Q9ZR04) - + + 46.61
CYCD7;1 (Q9LZMO) + + + 40.79

Figure 10: Protein features of the CYCDs of A. thaliana: The UniProt accession numbers of the isoforms used in
this study are given in the parentheses in the first columns. Domain information was taken from InterPro analysis.
LxCxE motif: conserved amino acid sequence, where L is leucine, C is cysteine, E is glutamic acid, and x is any
amino acid (See Figure S9). NL: nuclear protein localization according to data from UniPort. The presence of a
PEST motif was predicted by “ePestfind”. I.I: protein instability index, I.I>40 means protein is predicted to be
instable in vitro. 1.1 scores were calculated by the ProtParam tool. Cyclin_N: Cyclin, N-terminal domain,
Cyclin_C_2: Cyclin, C-terminal domain, ATcycD_like: second cyclin box found in plant cyclin-delta family, Cyclin_C:
C-terminal domain, slightly different than Cyclin_C_2. 4
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3.3 The effect of immunity activation on cell cycle regulators

3.3.1 Outline of the chapter

As it was mentioned in Section 1.5.3, Eichmann et al. showed that PTI may lead to RGI by inhibiting
the cell cycle, and thus cell division in A. thaliana roots. This raises the question whether PTI activation
influences cell cycle regulators at the transcriptional or protein level. In this chapter, the expression
patterns of CDKBs and CYCDs in roots were analyzed in silico. Then it was investigated whether flg22-
induced PTI alters the expression patterns of the above-mentioned genes in A. thaliana root tissues.
In the second part, | analyzed the impact of activated PTI on the protein accumulation of CDKBs and
CYCDs. Together, this chapter was aimed at elucidating the involvement of cell cycle regulators in the
growth-immunity antagonism.

3.3.2 The effect of immunity activation on the transcript accumulation of cell cycle regulators

3.3.2.1 Expression pattern of CDKBs and CYCDs in A. thaliana roots

Before investigating the effects of flg22 treatment on the expression of CDKBs and CYCDs, it should be
explored whether these genes are expressed in roots and if so in which root tissues and at what levels.
To answer these questions, the expression profile maps found at the Bio-Analytic Resource for Plant
Biology (BAR) ePlant tool were analyzed (https://bar.utoronto.ca/eplant/) (Fucile et al., 2011). The
maps at the BAR ePlant tool were generated based on gene expression data from Brady et al (Brady
et al., 2007). In this study, GFP-marked cells of 5-7-day-old A. thaliana roots were sorted according to
their cell types by using fluorescence-activated cell sorting (FACS) and the sorted cells were subjected
to microarray analysis to generate spatiotemporal expression maps (Brady et al., 2007). The acquired
expression maps can be seen in Figure S12.

In order to make comparisons, the expression profiles of CHLOROPHYLL A/B PROTEIN 140 (AB140,
AT1G29930) and ACTIN 2 (ACT2, AT3G18780) were also included. It is known that AB140 encodes a
protein, which plays a role in photosynthesis in leaves (Sun & Tobin, 1990), and is not expressed in
roots. On the other hand, ACT2 is constitutively expressed in roots (An et al., 1996). As expected,
AB140 was not expressed in the root at all and ACT2 was expressed strongly in the meristematic zone
and in the elongation zone, the expression was relatively low in the maturation zone according to the
BAR ePlant expression maps. The expression patterns of CDKB1,;1, CDKB1,;2, CDKB2;1 and CDKB2;2
were very similar: They were all expressed relatively strongly in the root meristem, but virtually not
expressed in the elongation or maturation zones (Figure S12). According to the BAR ePlant, CYCD
genes seemed to be expressed at relatively low levels in roots and did not follow a general pattern.
Only four genes have marked expression in the root meristem (CYCD2;1, CYCD3;2, CYCD4;1 and
CYCD5;1). CYCD2;1, CYCD3;1, CYCD4;1 and CYCD5;1 also seemed to be expressed to some extent in

the elongation and maturation zone (Figure S12). CYCD6;1 seemed hardly expressed in the root at all,
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and there was no information available for the expression of CYCD7;1 in the Brady dataset. The latter
was supported by the data set from Klepikova et al., who performed RNA-seq profiling of A. thaliana,
which can also be found in the BAR ePlant (Klepikova et al., 2016). In summary, the data retrieved
from the BAR ePlant showed that A. thaliana CDKBs are mainly expressed in the root meristem. Some
CYCDs can clearly be detected in the meristematic zone, where cell division takes place.

To gain more insights into expression profiles of CDKBs and CYCDs in different developmental root
zones, Xuesong Wang (Institute of Phytopathology, Justus-Liebig Universtitat GieRen) has generated
a heatmap for the expression of selected genes with a potential role in the cell cycle by using a single
cell RNA-seq dataset from Shahan et al., 2022 (Shahan et al., 2022) (Figure 11). As references, the
house-keeping genes, AtUBQ5 and AtEF1a were included in the heatmap. In addition to CDKBs and
CYCDs, the heatmap also showed the expression of other cell cycle regulators such as CDKA, CDC10-
DEPENDENT TRANSCRIPT 1 (CDT1a), PROLIFERATING CELL NUCLEAR ANTIGEN 1 (PCNA1), CYCB1;1,
KNOLLE, which are expressed in different phases of the cell cycle (Echevarria et al., 2021). CDKBs
exhibited the strongest expression in meristem cells and hardly any in cells in the upper
developmental zones. Among the CDKBs, CDKB1;2 showed the lowest expression and it had no
expression in the elongation and maturation zones. For CYCD1;1, a very weak expression in the
meristem could be observed, which increased in the elongation and the maturation zones. CYCD2;1
and CYCD3;2 had relatively high expression levels in cells of all three root zones. CYCD3;1 expression
was mostly limited to cells in the meristem. The expression levels of CYCD3;3, CYCD4;1 and CYCD5;1
were generally rather low, but highest in the meristem. CYCD4;2 was very weakly expressed in cells of
each part of the root. CYCD6;1 and CYCD7;1 were virtually not expressed in the analyzed cells at all.
The expression maps that were obtained from the BAR ePlant tool and the single cell RNA-seq data
gave similar information about the expression patterns of CDKBs and CYCDs in the developmental
zones of roots. Although some genes such as CYCDI1;1, CYCD4;2 or CYCD6;1 were only weakly
expressed in root cells, and especially in the root meristem, the vast majority were expressed in
moderate amounts. In addition, the expression of these genes was not necessarily limited to
meristematic cells, they can be expressed in the elongation and maturation zones as well.

In this chapter, the main aim was to analyze CDKB and CYCD expressions upon PTl activation. To meet
this purpose, it was crucial to know whether the genes of interest are expressed in roots. Except for
CYCD7;1 and maybe CYCD6;1, all genes seemed to be expressed in A. thaliana root cells. Another
concern was whether the expression is limited to the meristematic zone (root tips), where cell division
takes place, and would therefore be hard to measure in whole root tissue. However, the dataset

showed that some of the cell cycle regulators analyzed here exhibited expression in the elongation
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and maturation zones, as well. Overall, these results indicate that it should be feasible to study whole

roots for PTI-dependently altered gene expression.
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Figure 11: Heatmap of single-cell RNA-seq read counts of CDKBs, CYCDs and other cell cycle-related genes in
different root zones: The heatmap shows the gene expression profiles of individual cells. Each row represents the
expression levels of the genes of interest, and each column shows an individual cell. The colour intensity depicts
the gene expression levels in read counts per cell. Numbers at the end of each row represent the read counts in
all cells (total) or cells in the different developmental zones of the root. Housekeeping genes AtUBQS5 and AtEF1a
serve as reference. The heatmap was generated by Xuesong Wang by using single cell RNA-seq data from Shahan
et al., 2020.

3.3.2.2 Expression analysis of cell cycle regulator genes in whole roots after PTI elicitation

In order to understand the role of cell cycle regulators in PTI-induced RGl, potential changes in their
expression were investigated.

To determine whether flg22-induced PTI influences the expression of CDKBs and CYCDs, 12-day-old-
A. thaliana wild-type seedlings were treated with 100 nM flg22 or mock (water) and the whole roots
were harvested at 4, 24 or 48 hours after treatment. Total RNA was extracted and reverse transcribed
into cDNA, which was followed by gRT-PCR. First, it was verified whether PTI was successfully activated
by flg22. For this purpose, expression of PTI marker genes CBP60g and WRKY22 were quantified from
two biological replicates (Figure S13). Upon flg22 treatment, expression of CBP60g and WRKY22 were
strongly induced at all time points when compared to the mock samples. These results show that
immunity was activated by flg22 treatment.

After proving that flg22 treatment had elicited detectable PTI responses in the roots, the expression
of A. thaliana CDKB and CYCD genes was measured (Figure 12 and 13). In Rep 1, at 4 hours after flg22
treatment, the expression of CDKB1,;1, CDKB1,;2, CDKB2;1 and CDKB2;,2 significantly decreased to 0.53-
fold, 0.72-fold, 0.64-fold and 0.67-fold, respectively, of that in the mock treated samples. At 24 hat,
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CDKB1;1, CDKB1,2, CDKB2;1 and CDKB2;2 were still down regulated (0.47-fold, 0.76-fold, 0.57 fold and
0.52-fold of the expression in the mock samples, respectively). At 48 hat, the expression of CDKB1;1,
CDKB2;1 and CDKB2,2 in the flg22-treated samples was still significantly suppressed to 78%, 76% and
80% of that in the mock samples, while CDKB1,2 expression had gone back to the level of the mock
treated sample (Figure 12). In Rep 2, the expression of all of the CDKB genes was either slightly
upregulated or not significantly different from levels in mock treated samples at 4 and 24 hat.
However, CDKB1;2, CDKB2;1 and CDKB2;2 were significantly down regulated at 48 h after flg22
treatment (0.85-fold, 0.68-fold, 0.75-fold) (Figure S14).

It is important to note that in the qRT-PCR analyses, no signal was detected for CYCD7;1. Therefore,
CYCD7;1 was excluded from the analyses (Figure 13 and Figure S15). In Rep 1, at 4 hat, the expression
of all CYCD genes was significantly downregulated, except for CYCD2;1, which remained at the level of
the mock treated sample (CYCD1;1: 81%, CYCD3;1: 66%, CYCD3;2: 72%, CYCD3;3: 66%, CYCD4;1: 67%,
CYCD4;2: 69%, CYCD5;1: 73% and CYCD6;1: 64% less of the mock samples). At 24 hat, all the CYCD
genes were still slightly down regulated except for CYCD3;3, whose expression had gone back to the
level of the mock sample. At 48 hat, the expression of CYCD2;1, CYCD3;1, CYCD3;2, CYCD4;1, CYCD5;1
and CYCD6;1 was restored to the level observed in the mock sample, while the expression of CYCD1;1,
CYCD3;3 and CYCD4;2 in the flg22-treated samples remained significantly suppressed to 53%, 65% and
83% of that in the mock samples, respectively (Figure 13). In Rep 2, at 4 hat, the expression of CYCD1;1
was significantly increased to 2.31-fold of mock treated samples and the expression of CYCD2;1,
CYCD3;2, CYCD3;3, CYCD4,2 and CYCD6;1 was slightly upregulated. flg22 treatment did not
significantly change the expression of CYCD3;1, CYCD4;1 and CYCD5;1 at 4 hat. At 24 hat, the
expression of CYCD1;1, CYCD4;1 and CYCD5;1, was significantly suppressed. At 48 hat, the expression
of all the CYCD genes was either slightly downregulated or not significantly different from levels in
mock treated samples with the exception of CYCD3;3, which was slightly upregulated (1.25-fold)
(Figure S15).

Taken together, compared to the mock treated samples, an overall trend of downregulation was
observed in the expression of various CDKB and CYCD genes after flg22 treatment. Notably, in both of
the biological replicates, the expression of CYCD1;1 and CYCD5;1 significantly decreased 24 h after
flg22 treatment, while the decline in CYCD1,1 persisted through 48 hat. Furthermore, by 48 hours, the
expression of CDKB2;1, CDKB2;2, and CYCD4,2 also showed a consistent decrease in both replicates.

These results indicate that flg22-induced PTI may reduce the expression of cell cycle regulator genes.
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Figure 12: Expression of CDKB genes in A. thaliana roots after flg22 treatment: 12-day-old Col-0 seedlings were
treated with 100 nM flg22 or with water (mock). Whole roots were harvested at 4, 24 and 48 hours after
treatment (hat). Total RNA was extracted, reverse transcribed into cDNA and qRT-PCR was performed. The

columns represent normalized mean values relative to the mock treated samples (Z_MG). Housekeeping genes
AtUBQ5 and AtEF1a were used to normalize data. Error bars show SE of the mean. Asterisks indicate significant
differences between mock and flg22 treated samples according to unpaired two-sided Student’s t test. p <0.001
(***), p<0.01 (**), p < 0.05 (*), ns: not significantly different.
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Figure 13: Expression of CYCD genes in A. thaliana roots after flg22 treatment: 12-day-old Col-0 seedlings were
treated with 100 nM flg22 or with water (mock). Whole roots were harvested at 4, 24 and 48 hours after
treatment (hat). Total RNA was extracted, reverse transcribed into cDNA and gRT-PCR was performed. The

columns represent normalized mean values relative to the mock treated samples (Z'MG). Housekeeping genes
AtUBQ5 and AtEF1a were used to normalize data. Error bars show SE of the mean. Asterisks indicate significant
differences between mock and flg22 treated samples according to unpaired two-sided Student’s t test. p < 0.001
(***), p < 0.01 (**), p < 0.05 (*), ns: not significantly different.
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3.3.3 The effect of immunity activation on protein abundance of cell cycle regulators

The previous section focused on the impact of immunity on the expression of plant cell cycle
regulators (CDKBs and CYCDs). However, transcriptional quantification by gRT-PCR may not
necessarily reflect actual protein levels in a sample. In silico analyses in the Section 3.2 indicated that
A. thaliana CYCDs may be regulated by post-translational modifications, such as ubiquitination, which
may lead to protein degradation. Therefore, the question arised if plant immunity activation may
influence the protein abundance of cell cycle regulators. In this section, this question was addressed
by transiently overexpressing A. thaliana CDKBs and CYCDs in N. benthamiana in the presence or

absence of flg22-treatment, and subsequent measurement of the protein levels by Western blot.

3.3.3.1 Transient overexpression of A. thaliana CDKBs and CYCDs in N. benthamiana

3.3.3.1.1 Generating expression plasmids and confirmation of protein expression

To test for any potential alterations in CDKB and CYCD protein levels after PTI activation, first it was
crucial to have a system that enables the detection of the proteins of interest efficiently. In order to
generate plant expression constructs, Golden Gate Cloning was employed. Golden Gate Cloning is a
molecular cloning method, which enables the assembly of modular DNA fragments avoiding inefficient
and time-consuming steps of traditional molecular cloning (Engler et al., 2014). Golden Gate Cloning
relies on the Type IIS restriction enzymes and does not require overlapping flanking sequences or
recombination sites. As Golden Gate Cloning is a hierarchical and modular cloning system, one can
easily assemble multiple DNA fragments with a small number of reactions (Weber et al., 2011). The
basic units required for gene expression, such as promoter, coding sequence (of reporter genes),
selection marker cassette, protein tags and terminators can be found in LO acceptor plasmids
(standard parts) supplied in the Golden Gate Plant Parts Kit or MoClo Plant Tool Kit (Engler et al.,
2014). Genes of interest can easily be cloned into LO acceptors vectors as well. Then, selected level
zero parts are assembled into L1 acceptor plasmids to generate the transcriptional units (expression
cassette). Moreover, it is possible to generate multi gene expression constructs by assembling several
L1 expression cassettes into L2 acceptor plasmids. Importantly, all the L1 and L2 acceptor vectors are
binary vectors with left and right borders for the transfer into plants cells through A. tumefaciens
(Engler et al., 2014). For overexpression of A. thaliana CDKBs in N. benthamiana, the following parts
were assembled into level 1 plasmids (pL1P3): 35S + 5° UTRQ promoter, CDKB or CYCD coding
sequence (see Figure 9 and Figure 10 for the cloned isoforms of the proteins), C-terminal tag (3xHA-
FLAG for CDKBs or 4xMYC for CYCDs, 3 UTR + NOS terminator. In addition, C-terminally 3xHA-FLAG-
tagged or C-terminally 4x MYC-tagged turbo GFP (tGFP) was cloned into pL1P3 under 35S + 5" UTRQ
promoter as controls. After the transformation of A. tumefaciens with the generated constructs, N.

benthamiana leaves were infiltrated with the bacteria containing tGFP-3xHA-FLAG or tGFP-4xMYC
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plasmid to validate the expression of the proteins in N. benthamiana by fluorescence microscopy and
to determine the time point when the expression was the strongest. It is important to note that A.
tumefaciens carrying the tGFP expression constructs were co-infiltrated with A. tumefaciens carrying
a construct for the expression of the p19 protein, which is a suppressor of post-transcriptional gene
silencing (Das, 2020; Kontra et al., 2016; Lakatos et al., 2004), in order to enhance protein detection
levels. tGFP accumulation was checked under a fluorescence microscope at 1 day after infiltration
(dai), 2 dai and 3 dai (Figure S16). At 1 dai, a very weak tGFP signal was observed in the leaf discs which
were infiltrated with tGFP-3xHA-FLAG or tGFP-4MYC. A limited number of cells showed tGFP
accumulation. The intensity and the number of the cells expressing tGFP increased at 2 dai and
reached the highest level at 3 dai. Therefore, for the future assays, the 3 dai timepoint was chosen.
Interestingly, expression of tGFP-4xMYC resulted in a stronger tGFP signal than tGFP-3xHA-FLAG.
Quantification of the fluorescence intensity performed using Imagel) also confirmed these
observations. At 1 dai, there was no difference in tGFP intensities between tGFP-3xHA-FLAG and tGFP-
4xMYC. At 2 dai, the intensity of tGFP-4xMYC was 10 times higher than that of tGFP-3xHA-FLAG, and
at 3 dai, it was still more than 4 times higher (Figure S16B).

3.3.3.1.2 Detection of 3xHA-FLAG-tagged CDKB- and 3xMYC-tagged CYCD proteins

To verify that CDKBs-3xHA-FLAG and CYCDs-4xMYC were expressed in N. benthamiana and that the
proteins could be detected by Western blot, N. benthamiana leaves were co-infiltrated with A.
tumefaciens carrying one of the CDKB or CYC expression plasmids and A. tumefaciens carrying p19.
Based on the finding that tGFP was most strongly expressed at 3 dai, the infiltrated leaf discs were
also collected at 3 dai. The crude protein extracts were subjected to Western blot. All CDKB proteins
could successfully be detected at the expected sizes (Figure 14). However, CYCDs were more difficult
to detect. It was necessary to load samples with a higher concentration and use a longer exposure
time during imaging (Figure 14). CYCD3;3 could not be detected at all, and was excluded from further
analysis. Importantly, the CYCD3;1 protein band ran at a higher size than calculated. This could be due

incomplete denaturation or post-translational modifications.
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Figure 14: Western blot detection of 3xHA-FLAG-tagged A. thaliana CDKB proteins and 4xMYC-tagged A.
thaliana CYCD proteins in cell lysates from transiently transformed N. benthamiana leaves: 4-5-week-old N.
benthamiana leaves were co-infiltrated with A. tumefaciens carrying either one of the pL1P3_35S::CDKBs-3xHA-
FLAG or pL1P3_35S::CYCDs-4xMYC plasmids together with A. tumefaciens carrying an expression construct for the
p19 silencing suppressor. 3 days after infiltration (dai), leaf discs were collected and total proteins extracted.
Western blot analysis was performed with antibodies against HA- or MYC-tags. As loading control, membranes
were stained with either Ponceau S staining (PSS) or Coomassie brilliant blue (CBB). The calculated molecular
weights of the tagged proteins are indicated in the tables on the left.
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3.3.3.2 Eliciting PTl in N. benthamiana by applying flg22

To investigate the effect of PTI on cell cycle regulator protein levels in N. benthamiana, the most
effective way to apply flg22 to N. benthamiana was tested. There were two possible treatment
methods to activate PTIl in N. benthamiana leaves. The first one was direct infiltration of a flg22
solution into the leaves with a needle-less syringe, which is similar to Agrobacterium infiltration. The
second one was to float leaf discs in flg22 solution. Another issue that needed to be tested was
whether A. tumefaciens would have an effect on flg22-induced PTI. According to the literature, A.
tumefaciens infiltration rewires cellular processes and may induce plant immunity responses in the
host plant (Beritza et al., 2024; Grosse-Holz et al., 2018). On the other hand, A. tumefaciens may hijack
elements of the immune machinery and could lower plant immune responses in A. thaliana (Shi et al.,
2014; Tiwari et al., 2022). This would be undesirable because the aim here was to observe the effect
of immunity on the protein accumulation of cell cycle regulators.

To test whether flg22 infiltration or floating is better and whether A. tumefaciens has any impact on
PTI levels, the following experimental setup was established: For the flg22 floating method, N.
benthamiana leaves were infiltrated with A. tumefaciens containing the plasmid for tGFP-MYC
expression or infiltration buffer only (control) on day 0. Two days later, leaf discs were collected from
a batch of plants and transferred into 96-well plates containing water. To reduce the effects of
wounding, the harvested leaf discs were incubated at growth conditions overnight. On the next day,
1 uM flg22 or mock (water) was applied to the leaf discs. For the flg22 infiltration method, 1 uM flg22
solution or water was directly infiltrated into the leaves of another batch of plants two days after A.
tumefaciens infiltration. 2 hours after transfer to flg22 solution or flg22 infiltration, leaf discs were
collected and RNA was extracted. qRT-PCR analysis of the PTI marker gene NbCYP71D20 (Heese et al.,
2007; Segonzac et al., 2011) was performed. In the absence of flg22, Agrobacterium infiltration on its
own could induces PTI marker gene expression to some extent. Importantly, floating in flg22 solution
induced PTI gene expression much more strongly than flg22 infiltration. Prior infiltration with A.
tumefaciens resulted in a slightly higher PTI marker gene upregulation in the flg22-treated samples
(Figure S17). Together, these results show, that floating N. benthamiana leaf discs on flg22 solution
strongly induced PTI marker gene expression, and that Agrobacterium infiltration did not impair this.
After finding an efficient flg22 treatment method, the best timepoint for the activation of PTI genes
should be identified, again in the presence and absence of A. tumefaciens. The experimental set-up
was that described above for the floating method. Samples were harvested 2, 6 and 24 h after flg22
treatment. The expression of two PTI marker genes, NbCyp71D20 and AVR9/CF-9 RAPIDLY ELICITED
31 (NbACRE31) (Heese et al., 2007; Segonzac et al., 2011) were studied. Expression of the both marker

genes, NbCyp71D20 and NbACRE31 showed a significant increase following flg22 treatment, with or
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A

without A. tumefaciens across all measured time points but the highest expression levels were
observed at 2 hat (Figure 15). These results show that at all tested time points, it is possible to observe
PTI marker gene activities.

In conclusion, A. tumefaciens does not affect the induction of PTI marker gene expression, and floating
in flg22 solution is a better way of treatment than infiltration. Furthermore, PTl is still active at 6 and

24 hat. This shows that the designed experiment is feasible under these conditions.
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Figure 15: Upregulation of immunity marker genes in N. benthamiana leaf discs after flg22 treatment: 4-week-
old N. benthamiana leaves were infiltrated with A. tumefaciens or infiltration buffer (control). 2 dai, leaf discs
were collected, and a day later treated with 1 uM flg22 solution or water. 2, 6 and 24 hours after treatment (hat),
samples were collected, total RNA extracted and reverse transcribed into cDNA, and qRT-PCR was performed to
analyze the expression of the immunity marker genes NbACRE31 and NbCyp71D20. The columns represent mean

. -ACt . . .
gene expression values (2 ), normalised against the house keeping gene, NbEF1a. Error bars show standard
errors. Asterisks indicate significant differences between mock and flg22-treated samples according to unpaired
two-sided Student’s t test. p < 0.001 (***), p < 0.01 (**), p < 0.05 (*), ns: not significantly different.

3.3.3.3 Analysis of the accumulation of A. thaliana CDKB and CYCD proteins in N. benthamiana

leaves after elicitation of PTI

After successfully establishing the experimental set-up, protein levels of ectopically overexpressed A.
thaliana CDKBs and CYCDs were investigated in N. benthamiana leaves after in the presence and
absence of flg22-induced PTI. In summary the following experimental procedure was designed (Figure
16): On day O, leaves of N. benthamiana were co-infiltrated with A. tumefaciens containing CDKB or
CYCD expression constructs, together with A. tumefaciens containing a plasmid for the expression of
the silencing suppressor p19. 2 dai, leaf discs were collected and transferred into 96-well plates
containing water. To reduce the effects of wounding, the leaf discs were incubated at growth
conditions overnight. On the next day, 1 uM flg22 or water (mock treatment) was applied to the discs.
The discs were harvested at 6 and 24 hat, which was followed by protein extraction and the detection
of proteins by Western blot. The results showed that CDKB levels were not affected by flg22 treatment

at 6 hat or 24 hat (Figure 16B). CYCD2;1-4x MYC levels were lower at 24 h after flg22-treatment in two

60



independent experiments (Figure 17, Figure S18). CYCD2;1 protein band intensities were quantified
using Imagel/Fiji software, and the quantification confirmed the decrease in CYCD2;1 protein levels
observed 24 hours after flg22 treatment in both biological replicates (Figure S19). All other CYCDs
showed similar protein levels irrespective of the treatment. Together, this indicates that flg22-induced

PTI may reduce CYCD2;1 protein accumulation.

A
Agrobacterium-mediated 2 DAI Leaf disc collection 16 h 1 uM flg22 or 6 hat Western blot
transformation —> Floating in water o/n mock treatment 20 hat Harvest =——>
B
CDKB1;1-3xHA-FLAG CDKB1;2-3xHA-FLAG
6 hat 24 hat 6 hat 24 hat
mock flg22 mock flg22 mock flg22 mock flg22

a-HA-HRP —’-ﬂ S —— —
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Figure 16: AtCDKB protein levels in N. benthamiana leaf discs after flg22 treatment: (A) Experimental set-up:
4-week-old N. benthamiana leaves were co-infiltrated with A. tumefaciens carrying the plasmids for AtCDKBs-
3xHA-FLAG expression and expression of the p19 silencing suppressor. 2 dai, leaf discs were collected and
transferred into a 96-well plate containing water. On the next morning, leaf discs were treated with 1 uM flg22
solution or water. At 6 and 24 hours after treatment (hat), samples were harvested and proteins extracted. (B)
Western blot was performed with antibodies against HA- or MYC-tags. As loading control, membranes were
stained with Coomassie brilliant blue (CBB). (A) created with biorender.com
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Figure 17: AtCYCD protein levels in N. benthamiana leaf discs after flg22 treatment: Experimental set-up: 4-
week-old N. benthamiana leaves were co-infiltrated with A. tumefaciens carrying the plasmids for AtCYCDs-
4xMYC expression and expression of the p19 silencing suppressor. 2 dai, leaf discs were collected and transferred
into a 96-well plate containing water. On the next morning, leaf discs were treated with 1 uM flg22 solution or
water. At 6 and 24 hours after treatment (hat), samples were harvested and proteins extracted. Western blot
was performed with antibodies against HA- or MYC-tags. As loading control, membranes were stained with
Coomassie brilliant blue (CBB).
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3.4 Overcoming the growth immunity antagonism by supporting cell cycle regulators

3.4.1 Outline of the chapter

As explained in Section 1.5.3, it might be possible to uncouple negative growth-immunity cross-talk
by supporting specific cell cycle regulators without disturbing defense signaling. According to
Eichmann et al. and Finch (Eichmann et al., unpublished; Finch, 2019), CDKB1;1 and CYCD1;1 might be
among the proteins that could uncouple the growth-immunity cross-talk. A. thaliana plants
overexpressing CDKB1;1 or CYCD1;1 were less sensitive to flg22-induced RGI. However, above
mentioned studies did not test all 4 B-type CDKs and 10 members of the D-type CYCs. It is thought
that D-type CYCs may play major roles in linking environmental changes, both biotic and abiotic, to
cell division (De Veylder, 2019). Therefore, it would be highly relevant to test all CYCDs. To this end, a
major part of this project was to generate CDKB and CYCD overexpressing A. thaliana plants. These
transgenic plants were supposed to be phenotyped for altered RGI after flg22 treatment. In addition,
given the fact that CYCDs are activating subunits of CDKs, it could be hypothesized that they work
together with CDKBs to control root growth under immunity. To investigate this, CDKB/CYCD double
overexpresser plants were generated, as well.

3.4.2 Generating plant expression plasmids

To generate plant expression constructs with multiple gene expression cassettes, Golden Gate Cloning
was employed. In this study, the CDS of CDKBs and CYCDs without stop codons (See Table 1 for the
CDS) were cloned into LO acceptor plasmids (Table 2). Some of the LO plasmids were already cloned
by J. Finch. In order to easily detect proteins and to perform co-immunoprecipitation assays (Co-IPs),
it was aimed to tag CDKBs with 3xHA-FLAG and CYCDs with 4xMYC. As control, tGFP was tagged with
3xHA-FLAG or 4xMYC. For the protein detection in N. benthamiana (Section 3.3.3.3), all of the tagged
CDKBs and CYCDs had already been cloned into a L1 plasmid (CDKBs into L1P1 and CYCDs into L1P3)
with 0.4 kb CaMV35S promoter and nos terminator. For double overexpression in A. thaliana, an
alternative promoter for the expression of the CYCDs was used to avoid potential silencing of gene
expression due to the use of multiple CaMV35S promoters. Therefore, level 1 plasmids with CYCDs-
4xMYC were generated under control of the AtACT2 promoter (Figure 18).

Level 2 plasmids, which contain 3 gene expression cassettes (CDKB overexpression cassette/selection
marker expression cassette/CYCD overexpression cassette), were produced for the stable
transformation of A. thaliana plants via A. tumefaciens. In the second position, all L2 plasmids contain
the expression cassette for the selection of the transformed seeds, FAST-R. The FAST-R selection
expression cassette includes the promoter, terminator and CDS of AtOLE1 fused to TagRFP. AtOLE1
encodes OLEOSIN 1, a gene that is exclusively expressed in oil bodies in A. thaliana seeds (Shimada et

al., 2010). The selection marker allows the direct identification of transformed seeds after harvesting
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the transformed plants. In this way, it is possible to avoid using antibiotic or herbicide selection, which
imposes considerable stress to the plants. In addition, FAST-R selection is efficient and not time-
consuming. For the CDKB single overexpression plasmids, position 1 was filled with one of the
35S::CDKB-3xHA-FLAG expression cassettes derived from pL1P1, and position 3 was filled with the
AtAct2::tGFP-4xMYC expression cassette derived from pL1P3. For the CYCD single overexpression
plasmids, position 1 was filled with the pL1P1 35S::tGFP-3xHA-FLAG expression cassette, and position
3 was filled with one of the pL1P3 AtAct2::CYCD-4xMYC expression cassettes. To test the hypothesis
that CDKB1;1 and CYCD1;1 work together to alleviate the growth-immunity cross-talk, the double
overexpression plasmid was generated that includes the pL1P1 35S::CDKB1;1-3xHA-FLAG expression
cassette and the pL1P3 AtAct2::CYCD1;1-4xMYC expression cassette. As mentioned in Section 3.2.2,
CDKB1;2 and CYCD2;1 might be the closest homologs of CDKB1;1 and CYCD1;1, respectively.
Therefore, the double overexpression plasmids containing pL1P1 35S::CDKB1;2-3xHA-FLAG plus pL1P3
AtAct2::CYCD1;1-4xMYC and plL1P1 355::CDKB1;1-3xHA-FLAG plus pL1P3 AtAct2::CYCD2;1-4xMYC
were produced, as well (Figure 18). See Materials and Methods for full details of plasmids used and

generated in this work.
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Figure 18: CDKB and CYCD expression constructs generated using Golden Gate Cloning: (A) LO-standard parts
were taken from the MoClo plant tool kit or the Golden Gate plant parts kit (Engler et al. 2014). CDKB and CYCD
parts were generated by J. Finch or cloned in the present study. For this, the coding sequences (CDS) of CDKBs
and CYCDs without stop codon were cloned into a LO acceptor plasmid. LO parts were assembled into L1 acceptor
plasmids. CDKBs were tagged with a 3xHA-FLAG tag and cloned into L1 position 1 under transcriptional control
of the 35S promoter and with a nopaline synthase (nos) terminator. CYCDs were tagged with a 4xMYC tag and
cloned into L1 position 3 either under transcriptional control of the 35S promoter (for transient overexpression
in N. benthamiana) or of the AtAct2 promoter (for stable overexpression in A. thaliana), and with a nos
terminator. In L2 multigene constructs, the second position was filled with the FAST-R selection maker, position
1 was filled with either 35S::GFP-3xHA-FLAG (as control) or with 355::CDKBs-3xHA-FLAG. AtAct2::CYCD-4xMYCs
or AtAct2::tGFP-4xMYCs were cloned into the third position. In the case of double overexpressers, the expression
cassettes of interest replaced the respective tGFP expression cassettes. (B) Combinations of CDKB (tGFP) and
CYCD (tGFP) expression constructs in L2 vectors. LO: level 0, L1: level 1, L2: level 2, P1: position 1, P2: position 2,
P3: position 3 65



3.4.3 Generating transgenic A. thaliana lines for stable overexpression of CDKBs or CYCDs

The successfully assembled L2 plasmids (See Section 3.4.2 and Table 2 for the plasmids generated and
used in this study) were transformed by Agrobacterium-mediated transformation into Col-0 plants (TO
plants). Thanks to the FAST-R selection marker, it was possible to identify and pick the transformed T1
seeds based on their red fluorescence. The selected seeds were grown for propagation. From the
leaves of the T1 plants, genomic DNA was extracted for an independent confirmation of the presence
of the transgene by PCR. The progenies of T1 plants represent a segregating population, which means
the seeds are a mixture of homozygous (for the presence of the transgene), heterozygous and wild-
type-like seeds. Based on the strength of fluorescence of the FAST-R selection marker, it was possible
to determine the segregation ratio. The ratio of strongly fluorescing T2 seeds to fluorescing seeds to
non-fluorescing seeds of 1:2:1 indicates a single T-DNA insertion. The very brightly fluorescing red
seeds supposedly indicating homozygosity for the T-DNA were picked and propagated. It has to be
noted that in most of the lines, the above-mentioned ratio was not observed, which may indicate
multiple T-DNA insertions. T3 seeds were harvested from T2 plants and used for further experiments.
In order to confirm the overexpression of the genes of interest, T3 seeds were grown on ATS plates,
roots were harvested and RNA was extracted. Gene expression was determined by qRT-PCR (Figures
19 to 34). As proteins of interest could be subject to post-translational modifications and targeted for
protein degradation, the presence of the proteins was also confirmed via Western blot (Figures 19 to
34). Although detection of CDKB overexpression by qRT-PCR or Western blot in root samples was easy,
the detection of CYCD expression was challenging. In order to reduce potential degradation through
the ubiquitination pathway, CYCD overexpressing seedlings were treated with MG132 before
harvesting. MG132 is a synthetic peptide aldehyde that binds to the 26S core particle of the
proteasome. As a result, ubiquitinated proteins within the cells cannot be degraded (Lee & Goldberg,
1998). As roots contain less protein than leaves and less sample could be obtained from roots, the
whole seedlings of CYCD transgenic lines were used to confirm protein accumulation via Western blot.
Except for CYCD3;3-4xMYC, all CYCD proteins could be detected. Figures 19-34 (Figure S20-S39)
summarize the results obtained for CDKB and CYCD single and double overexpression lines in terms of
root growth and sensitivity to flg22-induced RGI. They also contain the results of gRT-PCR and Western
blot used to confirm transgene expression.

It is also important to mention some phenotypes of the T2 transgenic plants. Overexpression of
CDKB2;1 seemed to have a strong negative impact on plant growth, as only a few seedlings were viable
and the ones that survived had a stunted growth, shorter floral stalk, and produced very few seeds
(data not shown). Although, the overexpression of CDKB2;1 led to impaired development and growth,

two independent CDKB2;1 overexpresser lines could be generated. Interestingly, when the transgenic
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lines were grown on ATS media plates, the plants exhibited better growth and longer primary root
lengths compared to wild-type plants (Figure 21). Overexpression of CYCD3;1 also resulted in severely
impaired plant development and growth retardation, with shorter floral stalks, and fewer flowers
(data not shown) (also observed by Dewitte et al., 2003). To gain a better understanding of the root
phenotypes of the transgenic lines, primary root lengths of the transgenic CDKB and CYCD lines were
compared to the root length of control plant lines carrying a 35S::tGFP-3xHA-FLAG and AtAct2::tGFP-
4xMYC expression cassette. For this purpose, plants used in the RGl assay were grown (Section 3.4.4),
and the root lengths of 10-day-old seedlings were measured prior to flg22 treatment (Figure 19C-34C).
The primary roots of the following lines were significantly shorter than that of control plant lines:
35S::CDKB1;1-3xHA-FLAG line #1 and #2, 355::CDKB1,;2-3xHA-FLAG line #1, 35S5::CDKB2;2-3xHA-FLAG
line #1, AtAct2::CYCD1;1-4xMYC line #1, AtAct2::CYCD3;1-4xMYC line #1 and #2, AtAct2::CYCD3;2-
4xMYC line #2, AtAct2::CYCD4;1-4xMYC line #2, AtAct2::CYCD4,;2-4xMYC line #1 and the double
overexpresser line 355::CDKB1;1-3xHA-FLAG plus AtAct2:CYCD1;1-4xMYC line #1. In contrast, the
following plants lines had longer roots than the control lines: 355::CDKB2;1-3xHA-FLAG line #1 and #2,
AtAct2::CYCD1;1-4xMYC line #2, AtAct2::CYCD6;1-4xMYC line #1 and AtAct2::CYCD7;1-4xMYC line #2.

3.4.4 Root growth inhibition assays of transgenic A. thaliana lines overexpressing CDKBs or CYCDs

In order to determine whether the CDKB and CYCD overexpression lines show an altered root growth
inhibition upon flg22 treatment, RGI assays were conducted. At least two independent transgenic A.
thaliana lines per construct, and as control plant line carrying a 35S::tGFP-3xHA-FLAG, and
AtAct2::tGFP-4xMYC (hereafter, tGFP) expression cassette were employed, and grown on solid ATS
growth media plates. 10-day-old seedlings were treated with 100 nM flg22 or water (mock), and four
days after treatment, primary root lengths were measured: Data are depicted as percentage of the
mean total length of mock treated roots (Figures 19D-34D and Figure S20D-39D).

4 days after treatment, the flg22 treated roots of the control plants were generally around 15%-20%
shorter than mock treated plants. In all two independent 355::CDKB1;1-3xHA-FLAG lines tested, there
was around 30% reduction in root lengths after flg22 treatment as compared to the mock treated
35S::CDKB1;1-3xHA-FLAG plants (Figure 19D and Figure S24). Thus, the overexpression of CDKB1;1 did
not abolish root growth inhibition in the transgenic lines in the experiments conducted here.
35S:CDKB1;2-3xHA-FLAG line #1 plants were more sensitive to flg22 treatment when compared to the
flg22 treated tGFP plants in one out of three experiments. The root lengths of 355::CDKB1;2-3xHA-
FLAG line #1 plants were around 35% shorter than mock treated 35S::CDKB1,2-3xHA-FLAG line #1
plants, which indicated a more severe RGl compared to the flg22 treated control plants. The level of
root growth inhibition of the line 355::CDKB1,2-3xHA-FLAG #2 was more sensitive in one out of two
replicates (Figure 20D and Figure S25). In 35S::CDKB2;1-3xHA-FLAG lines, RGI after flg22 treatment
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varied across replicates, and lines. While some replicates showed significantly less inhibition
compared to flg22-treated tGFP plants, this phenotype was not consistently observed in Rep 2, and
Rep 3. Overall, the results were inconclusive, with sensitivity to flg22 sometimes being reduced or
unchanged across different lines, and replicates (Figure 21D and Figure S26). In Rep 1, and Rep 3,
35S::CDKB2;2-3xHA-FLAG line #1 plants were slightly less sensitive to flg22 treatment compared to
the tGFP plants, on the other hand, this effect was not observed in Rep 2 and in the 35S::CDKB2;2-
3xHA-FLAG line #2 plants (Figure 22D and Figure S27).

Most CYCD overexpresser lines showed tGFP (control) like root growth inhibition in response to flg22
treatment, except for CYCD3;2 partially CYCD1,1 overexpresser lines, which had a reduced sensitivity
to flg22 treatment in terms of reduced root length. AtAct2::CYCD3;2-4xMYC line #1 plants were
slightly less sensitive to flg22 treatment compared to tGFP plants, although this trend was not always
statistically significantly between biological replicates (Figure 26D and Figure S31). While flg22-
treated AtAct2::CYCD1,;1-4xMYC line #1 plants were as sensitive as flg22-treated tGFP plants,
AtAct2::CYCD1;1-4xMYC line #2 plants showed reduced sensitivity to flg22-induced RGI. In Rep 1, only
a 8% root length reduction was observed in flg22-treated AtAct2::CYCD1,;1-4xMYC line #2 plants,
which was not significantly different from that of mock treated plants. In Rep 2, the reduction was
slightly higher with 16%. This indicated that in AtAct2::CYCD1,;1-4xMYC line #2 plants, flg22 induced
root growth inhibition was abolished (Figure 23D and Figure S28).

These results indicate, although it was not always significantly different and consistent,
overexpression of CDKB2;1, CYCD1;1, and CYCD3;2 may completely or partially abolish flg22-triggered
RGI.
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Figure 19: Root growth inhibition assay of CDKB1;1-overexpressing A. thaliana plants: Two independent
35S5::CDKB1;1-3xHA-FLAG::FASTR::AtAct2::tGFP-4xMYC (CDKB1;1) lines were selected. Col-0 wildtype or
358::tGFP-3xHA-FLAG::FASTR::AtAct2::tGFP-4xMYC (tGFP) plants served as controls (A) Confirmation of CDKB1;1
overexpression. Plants were grown on ATS plates. Roots were harvested and total RNA was extracted followed

by reverse transcription into cDNA and gene expression analysis using gRT-PCR. The graphs show the fold change

(Z_MCt) of CDKB1;1 expression in transgenic lines compared to Col-0 plants. Normalization was done against the

housekeeping genes, UBQ5 and EF1a. The numbers in parentheses on the x-axis are internal lines identifiers. (B)
Confirmation of protein abundance in the CDKB1;1 overexpresser lines. Plants were grown on ATS plates. After
protein extraction, proteins were subjected to Western blot analysis with anti-HA antibodies. (C) The primary
root lengths of transgenic plant grown on ATS for 10 days. Columns represent mean values of at least 50 plants
+ SD. Asterisks indicate significant differences according to ANOVA followed by Tukey’s honest significance test.
p < 0.001 (***), p < 0.01 (**), p < 0.05 (*). (D) 10-day-old seedlings were treated with 100 nM flg22 or mock
(water). After 4 days, primary root lengths were measured. Box and whisker plots show mean primary root
lengths in % relative to mock treated roots. n: samples size. The letters above bars indicate significant differences
as determined by ANOVA followed by Tukey’s honest significance test, or Kruskal-Wallis test followed by Dunn’s
multiple comparison test in case of non-normal distribution. Compact letter display was used for grouping
statistical comparisons, where different letters denote significant difference (p<0.05) (performed using
GraphPad). C,D The experiment was repeated at least three times.
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Figure 20: Root growth inhibition assay of CDKB1;2-overexpressing A. thaliana plants: Two independent
35S::CDKB1;2-3xHA-FLAG::FASTR::AtAct2::tGFP-4xMYC (CDKB1,2) lines were selected. Col-0 wildtype or
35S::tGFP-3xHA-FLAG::FASTR::AtAct2::tGFP-4xMYC (tGFP) plants served as controls (A) Confirmation of CDKB1,2
overexpression. Plants were grown on ATS plates. Roots were harvested and total RNA was extracted followed

by reverse transcription into cDNA and gene expression analysis using qRT-PCR. The graphs show the fold change

-AAC
(2 t) of CDKB1,2 expression in transgenic lines compared to Col-0 plants. Normalization was done against the

housekeeping genes, UBQ5 and EF1a. The numbers in parentheses on the x-axis are internal lines identifiers. (B)
Confirmation of protein abundance in the CDKB1,2 overexpresser lines. Plants were grown on ATS plates. After
protein extraction, proteins were subjected to Western blot analysis with anti-HA antibodies. (C) The primary
root lengths of transgenic plant grown on ATS for 10 days. Columns represent mean values of at least 50 plants
+ SD. Asterisks indicate significant differences according to ANOVA followed by Tukey’s honest significance test.
p < 0.001 (***), p < 0.01 (**), p < 0.05 (*). (D) 10-day-old seedlings were treated with 100 nM flg22 or mock
(water). After 4 days, primary root lengths were measured. Box and whisker plots show mean primary root
lengths in % relative to mock treated roots. n: samples size. The letters above bars indicate significant differences
as determined by ANOVA followed by Tukey’s honest significance test, or Kruskal-Wallis test followed by Dunn’s
multiple comparison test in case of non-normal distribution. Compact letter display was used for grouping
statistical comparisons, where different letters denote significant difference (p<0.05) (performed using
GraphPad). C,D The experiment was repeated at least two times.
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Figure 21: Root growth inhibition assay of CDKB2;1-overexpressing A. thaliana plants: Two independent
355::CDKB2;1-3xHA-FLAG::FASTR::AtAct2::tGFP-4xMYC (CDKB2;1) lines were selected. Col-0 wildtype or
355::tGFP-3xHA-FLAG::FASTR::AtAct2::tGFP-4xMYC (tGFP) plants served as controls (A) Confirmation of CDKB2;1
overexpression. Plants were grown on ATS plates. Roots were harvested and total RNA was extracted followed

by reverse transcription into cDNA and gene expression analysis using qRT-PCR. The graphs show the fold change

(Z_MCt) of CDKB2;1 expression in transgenic lines compared to Col-0 plants. Normalization was done against the

housekeeping genes, UBQ5 and EF1a. The numbers in parentheses on the x-axis are internal lines identifiers. (B)
Confirmation of protein abundance in the CDKB2;1 overexpresser lines. Plants were grown on ATS plates. After
protein extraction, proteins were subjected to Western blot analysis with anti-HA antibodies. (C) The primary
root lengths of transgenic plant grown on ATS for 10 days. Columns represent mean values of at least 50 plants +
SD. Asterisks indicate significant differences according to ANOVA followed by Tukey’s honest significance test. p
<0.001 (***), p<0.01(**), p<0.05(*). (D) 10-day-old seedlings were treated with 100 nM flg22 or mock (water).
After 4 days, primary root lengths were measured. Box and whisker plots show mean primary root lengths in %
relative to mock treated roots. n: samples size. The letters above bars indicate significant differences as
determined by ANOVA followed by Tukey’s honest significance test, or Kruskal-Wallis test followed by Dunn’s
multiple comparison test in case of non-normal distribution. Compact letter display was used for grouping
statistical comparisons, where different letters denote significant difference (p<0.05) (performed using
GraphPad). C,D The experiment was repeated at least three times.
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Figure 22: Root growth inhibition assay of CDKB2;2-overexpressing A. thaliana plants: Two independent
35S::CDKB2;2-3xHA-FLAG::FASTR::AtAct2::tGFP-4xMYC (CDKB2;2) lines were selected. Col-0 wildtype or
35S::tGFP-3xHA-FLAG::FASTR::AtAct2::tGFP-4xMYC (tGFP) plants served as controls (A) Confirmation of CDKB2;2
overexpression. Plants were grown on ATS plates. Roots were harvested and total RNA was extracted followed

by reverse transcription into cDNA and gene expression analysis using gRT-PCR. The graphs show the fold change

(Z_MCt) of CDKB2;2 expression in transgenic lines compared to Col-0 plants. Normalization was done against the

housekeeping genes, UBQ5 and EF1a. The numbers in parentheses on the x-axis are internal lines identifiers. (B)
Confirmation of protein abundance in the CDKB2;2 overexpresser lines. Plants were grown on ATS plates. After
protein extraction, proteins were subjected to Western blot analysis with anti-HA antibodies. (C) The primary
root lengths of transgenic plant grown on ATS for 10 days. Columns represent mean values of at least 50 plants £
SD. Asterisks indicate significant differences according to ANOVA followed by Tukey’s honest significance test. p
<0.001 (***), p<0.01 (**), p<0.05 (*). (D) 10-day-old seedlings were treated with 100 nM flg22 or mock (water).
After 4 days, primary root lengths were measured. Box and whisker plots show mean primary root lengths in %
relative to mock treated roots. n: samples size. The letters above bars indicate significant differences as
determined by ANOVA followed by Tukey’s honest significance test, or Kruskal-Wallis test followed by Dunn’s
multiple comparison test in case of non-normal distribution. Compact letter display was used for grouping
statistical comparisons, where different letters denote significant difference (p<0.05) (performed using
GraphPad). C,D The experiment was repeated at least three times.

72



A B
5 cyent;1 2.0 cycon1;1 AtAct2::CYCD1;1-4xMYC
2 L 2 Line: #1 #2
8 S8 154
8 3 ‘9: o E
3 35
H 3 ° g 1.0
&5 %
c N 2 c g
© g CBB
S G =
T 4 5 05 = =
I i
0 0.0~
) N » G
& & € 8
%\ %'1'
.(\0 ~¢0
WV W
C o D
80+ o 1509, 3¢ 30 14 2 24 13
K%Kk *kkk - —~ a
e ) a
8 E 60 2T a .
2E 5 5100 BB 1 b -
& 40- =g i ?
- 8% |
- © D x 50-
[ -
§ 2 o] TR o
@ ] | fig22
0- 0
QQ %'\ %’], éQ \%\ \‘ﬂr OQQ \%\ \,g\r
O N N NS N NS NS
N o™ SO QY 9
© © .\0 .ko .\0 ~\°
(4] (€] () ) (4] (¢

Figure 23: Root growth inhibition assay of CYCD1;1-overexpressing A. thaliana plants: Two independent
35S::tGFP-3xHA-FLAG::FASTR::AtAct2::CYCD1;1-4xMYC (CYCD1;1) lines were selected. Col-0 wildtype or
35S::tGFP-3xHA-FLAG::FASTR::AtAct2::tGFP-4xMYC (tGFP) plants served as controls (A) Confirmation of CYCD1;1
overexpression. Plants were grown on ATS plates. Roots were harvested and total RNA was extracted followed

by reverse transcription into cDNA and gene expression analysis using gRT-PCR. The graphs show the fold change

(Z_MCt) of CYCD1,1 expression in transgenic lines compared to Col-0 plants. Normalization was done against the

housekeeping genes, UBQ5 and EF1a. The numbers in parentheses on the x-axis are internal lines identifiers. (B)
Confirmation of protein abundance in the CYCD1;1 overexpresser lines. Plants were grown on ATS plates. After
protein extraction, proteins were subjected to Western blot analysis with anti-MYC antibodies. (C) The primary
root lengths of transgenic plant grown on ATS for 10 days. Columns represent mean values of at least 50 plants
+ SD. Asterisks indicate significant differences according to ANOVA followed by Tukey’s honest significance test.
p < 0.001 (***), p < 0.01 (**), p < 0.05 (*). (D) 10-day-old seedlings were treated with 100 nM flg22 or mock
(water). After 4 days, primary root lengths were measured. Box and whisker plots show mean primary root
lengths in % relative to mock treated roots. n: samples size. The letters above bars indicate significant differences
as determined by ANOVA followed by Tukey’s honest significance test, or Kruskal-Wallis test followed by Dunn’s
multiple comparison test in case of non-normal distribution. Compact letter display was used for grouping
statistical comparisons, where different letters denote significant difference (p<0.05) (performed using
GraphPad). C,D The experiment was repeated at least three times.
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Figure 24: Root growth inhibition assay of CYCD2;1-overexpressing A. thaliana plants: Two independent
358::tGFP-3xHA-FLAG::FASTR::AtAct2::CYCD2;1-4xMYC (CYCD2;1) lines were selected. Col-0 wildtype or
35S::tGFP-3xHA-FLAG::FASTR::AtAct2::tGFP-4xMYC (tGFP) plants served as controls (A) Confirmation of
CYCD2;1 overexpression. Plants were grown on ATS plates. Roots were harvested and total RNA was extracted
followed by reverse transcription into cDNA and gene expression analysis using qRT-PCR. The graphs show the

fold change (Z_MCt) of CYCD2;1 expression in transgenic lines compared to Col-0 plants. Normalization was done
against the housekeeping genes, UBQ5 and EF1a. The numbers in parentheses on the x-axis are internal lines
identifiers. (B) Confirmation of protein abundance in the CYCD2;1 overexpresser lines. Plants were grown on ATS
plates. After protein extraction, proteins were subjected to Western blot analysis with anti-MYC antibodies. (C)
The primary root lengths of transgenic plant grown on ATS for 10 days. Columns represent mean values of at
least 50 plants + SD. Asterisks indicate significant differences according to ANOVA followed by Tukey’s honest
significance test. p < 0.001 (***), p < 0.01 (**), p < 0.05 (*). (D) 10-day-old seedlings were treated with 100 nM
flg22 or mock (water). After 4 days, primary root lengths were measured. Box and whisker plots show mean
primary root lengths in % relative to mock treated roots. n: samples size. The letters above bars indicate
significant differences as determined by ANOVA followed by Tukey’s honest significance test, or Kruskal-Wallis
test followed by Dunn’s multiple comparison test in case of non-normal distribution. Compact letter display was
used for grouping statistical comparisons, where different letters denote significant difference (p<0.05)
(performed using GraphPad). C,D The experiment was repeated at least two times.
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Figure 25: Root growth inhibition assay of CYCD3;1-overexpressing A. thaliana plants: Two independent
358::tGFP-3xHA-FLAG::FASTR::AtAct2::CYCD3;1-4xMYC (CYCD3;1) lines were selected. Col-0 wildtype or
35S::tGFP-3xHA-FLAG::FASTR::AtAct2::tGFP-4xMYC (tGFP) plants served as controls (A) Confirmation of CYCD3;1
overexpression. Plants were grown on ATS plates. Roots were harvested and total RNA was extracted followed

by reverse transcription into cDNA and gene expression analysis using gqRT-PCR. The graphs show the fold change

-AAC
(2 t) of CYCD3;1 expression in transgenic lines compared to Col-0 plants. Normalization was done against the

housekeeping genes, UBQ5 and EF1a. The numbers in parentheses on the x-axis are internal lines identifiers. (B)
Confirmation of protein abundance in the CYCD3,1 overexpresser lines. Plants were grown on ATS plates. After
protein extraction, proteins were subjected to Western blot analysis with anti-MYC antibodies. (C) The primary
root lengths of transgenic plant grown on ATS for 10 days. Columns represent mean values of at least 50 plants
+ SD. Asterisks indicate significant differences according to ANOVA followed by Tukey’s honest significance test.
p < 0.001 (***), p < 0.01 (**), p < 0.05 (*). (D) 10-day-old seedlings were treated with 100 nM flg22 or mock
(water). After 4 days, primary root lengths were measured. Box and whisker plots show mean primary root
lengths in % relative to mock treated roots. n: samples size. The letters above bars indicate significant differences
as determined by ANOVA followed by Tukey’s honest significance test, or Kruskal-Wallis test followed by Dunn’s
multiple comparison test in case of non-normal distribution. Compact letter display was used for grouping
statistical comparisons, where different letters denote significant difference (p<0.05) (performed using
GraphPad). C,D The experiment was repeated at least three times.
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Figure 26: Root growth inhibition assay of CYCD3;2-overexpressing A. thaliana plants: Two independent
358::tGFP-3xHA-FLAG::FASTR::AtAct2::CYCD3,2-4xMYC (CYCD3;2) lines were selected. Col-0 wildtype or
358::tGFP-3xHA-FLAG::FASTR::AtAct2::tGFP-4xMYC (tGFP) plants served as controls (A) Confirmation of CYCD3,2
overexpression. Plants were grown on ATS plates. Roots were harvested and total RNA was extracted followed

by reverse transcription into cDNA and gene expression analysis using qRT-PCR. The graphs show the fold change

-BACt L . - .
(2 ) of CYCD3;2 expression in transgenic lines compared to Col-0 plants. Normalization was done against the

housekeeping genes, UBQ5 and EF1a. The numbers in parentheses on the x-axis are internal lines identifiers. (B)
Confirmation of protein abundance in the CYCD3;2 overexpresser lines. Plants were grown on ATS plates. After
protein extraction, proteins were subjected to Western blot analysis with anti-MYC antibodies. (C) The primary
root lengths of transgenic plant grown on ATS for 10 days. Columns represent mean values of at least 50 plants
+ SD. Asterisks indicate significant differences according to ANOVA followed by Tukey’s honest significance test.
p < 0.001 (***), p < 0.01 (**), p < 0.05 (*). (D) 10-day-old seedlings were treated with 100 nM flg22 or mock
(water). After 4 days, primary root lengths were measured. Box and whisker plots show mean primary root
lengths in % relative to mock treated roots. n: samples size. The letters above bars indicate significant differences
as determined by ANOVA followed by Tukey’s honest significance test, or Kruskal-Wallis test followed by Dunn’s
multiple comparison test in case of non-normal distribution. Compact letter display was used for grouping
statistical comparisons, where different letters denote significant difference (p<0.05) (performed using
GraphPad). C,D The experiment was repeated at least four times.
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Figure 27: Root growth inhibition assay of CYCD4;1-overexpressing A. thaliana plants: Two independent
35S::tGFP-3xHA-FLAG::FASTR::AtAct2::CYCD4;1-4xMYC (CYCD4;1) lines were selected. Col-0 wildtype or
35S::tGFP-3xHA-FLAG::FASTR::AtAct2::tGFP-4xMYC (tGFP) plants served as controls (A) Confirmation of CYCD4;1
overexpression. Plants were grown on ATS plates. Roots were harvested and total RNA was extracted followed

by reverse transcription into cDNA and gene expression analysis using qRT-PCR. The graphs show the fold change

-BAC L . - .
(2 t) of CYCD4;1 expression in transgenic lines compared to Col-0 plants. Normalization was done against the

housekeeping genes, UBQ5 and EF1a. The numbers in parentheses on the x-axis are internal lines identifiers. (B)
Confirmation of protein abundance in the CYCD4;1 overexpresser lines. Plants were grown on ATS plates. After
protein extraction, proteins were subjected to Western blot analysis with anti-MYC antibodies. (C) The primary
root lengths of transgenic plant grown on ATS for 10 days. Columns represent mean values of at least 50 plants
+ SD. Asterisks indicate significant differences according to ANOVA followed by Tukey’s honest significance test.
p < 0.001 (***), p < 0.01 (**), p < 0.05 (*). (D) 10-day-old seedlings were treated with 100 nM flg22 or mock
(water). After 4 days, primary root lengths were measured. Box and whisker plots show mean primary root
lengths in % relative to mock treated roots. n: samples size. The letters above bars indicate significant differences
as determined by ANOVA followed by Tukey’s honest significance test, or Kruskal-Wallis test followed by Dunn’s
multiple comparison test in case of non-normal distribution. Compact letter display was used for grouping
statistical comparisons, where different letters denote significant difference (p<0.05) (performed using
GraphPad). C,D The experiment was repeated at least two times.
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Figure 28: Root growth inhibition assay of CYCD4;2-overexpressing A. thaliana plants: Two independent
358::tGFP-3xHA-FLAG::FASTR::AtAct2::CYCD4,2-4xMYC (CYCD4;2) lines were selected. Col-0 wildtype or
358::tGFP-3xHA-FLAG::FASTR::AtAct2::tGFP-4xMYC (tGFP) plants served as controls (A) Confirmation of CYCD4;,2
overexpression. Plants were grown on ATS plates. Roots were harvested and total RNA was extracted followed

by reverse transcription into cDNA and gene expression analysis using gRT-PCR. The graphs show the fold change

(Z_MCt) of CYCDA4,2 expression in transgenic lines compared to Col-0 plants. Normalization was done against the

housekeeping genes, UBQ5 and EF1a. The numbers in parentheses on the x-axis are internal lines identifiers. (B)
Confirmation of protein abundance in the CYCD4,2 overexpresser lines. Plants were grown on ATS plates. After
protein extraction, proteins were subjected to Western blot analysis with anti-MYC antibodies. (C) The primary
root lengths of transgenic plant grown on ATS for 10 days. Columns represent mean values of at least 50 plants
+ SD. Asterisks indicate significant differences according to ANOVA followed by Tukey’s honest significance test.
p < 0.001 (***), p < 0.01 (**), p < 0.05 (*). (D) 10-day-old seedlings were treated with 100 nM flg22 or mock
(water). After 4 days, primary root lengths were measured. Box and whisker plots show mean primary root
lengths in % relative to mock treated roots. n: samples size. The letters above bars indicate significant differences
as determined by ANOVA followed by Tukey’s honest significance test, or Kruskal-Wallis test followed by Dunn’s
multiple comparison test in case of non-normal distribution. Compact letter display was used for grouping
statistical comparisons, where different letters denote significant difference (p<0.05) (performed using
GraphPad). C,D The experiment was repeated at least three times.
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Figure 29: Root growth inhibition assay of CYCD5;1-overexpressing A. thaliana plants: Two independent
358::tGFP-3xHA-FLAG::FASTR::AtAct2::CYCD5;1-4xMYC (CYCD5;1) lines were selected. Col-0 wildtype or
358::tGFP-3xHA-FLAG::FASTR::AtAct2::tGFP-4xMYC (tGFP) plants served as controls (A) Confirmation of CYCD5;1
overexpression. Plants were grown on ATS plates. Roots were harvested and total RNA was extracted followed

by reverse transcription into cDNA and gene expression analysis using qRT-PCR. The graphs show the fold change

(Z_MCt) of CYCD5;1 expression in transgenic lines compared to Col-0 plants. Normalization was done against the

housekeeping genes, UBQ5 and EF1a. The numbers in parentheses on the x-axis are internal lines identifiers. (B)
Confirmation of protein abundance in the CYCD5;1 overexpresser lines. Plants were grown on ATS plates. After
protein extraction, proteins were subjected to Western blot analysis with anti-MYC antibodies. (C) The primary
root lengths of transgenic plant grown on ATS for 10 days. Columns represent mean values of at least 50 plants +
SD. Asterisks indicate significant differences according to ANOVA followed by Tukey’s honest significance test. p
<0.001 (***), p< 0.01 (**), p< 0.05 (*). (D) 10-day-old seedlings were treated with 100 nM flg22 or mock (water).
After 4 days, primary root lengths were measured. Box and whisker plots show mean primary root lengths in %
relative to mock treated roots. n: samples size. The letters above bars indicate significant differences as
determined by ANOVA followed by Tukey’s honest significance test, or Kruskal-Wallis test followed by Dunn’s
multiple comparison test in case of non-normal distribution. Compact letter display was used for grouping
statistical comparisons, where different letters denote significant difference (p<0.05) (performed using
GraphPad). C,D The experiment was repeated at least two times.
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Figure 30: Root growth inhibition assay of CYCD6;1-overexpressing A. thaliana plants: Two independent
35S::tGFP-3xHA-FLAG::FASTR::AtAct2::CYCD6;1-4xMYC (CYCD6;1) lines were selected. Col-0 wildtype or
35S8::tGFP-3xHA-FLAG::FASTR::AtAct2::tGFP-4xMYC (tGFP) plants served as controls (A) Confirmation of
CYCDG6;1 overexpression. Plants were grown on ATS plates. Roots were harvested and total RNA was extracted
followed by reverse transcription into cDNA and gene expression analysis using gRT-PCR. The graphs show the

fold change (Z_MG) of CYCDG6;1 expression in transgenic lines compared to Col-0 plants. Normalization was done
against the housekeeping genes, UBQ5 and EF1a. The numbers in parentheses on the x-axis are internal lines
identifiers. (B) Confirmation of protein abundance in the CYCD6;1 overexpresser lines. Plants were grown on ATS
plates. After protein extraction, proteins were subjected to Western blot analysis with anti-MYC antibodies. (C)
The primary root lengths of transgenic plant grown on ATS for 10 days. Columns represent mean values of at
least 50 plants + SD. Asterisks indicate significant differences according to ANOVA followed by Tukey’s honest
significance test. p < 0.001 (***), p < 0.01 (**), p < 0.05 (*). (D) 10-day-old seedlings were treated with 100 nM
flg22 or mock (water). After 4 days, primary root lengths were measured. Box and whisker plots show mean
primary root lengths in % relative to mock treated roots. n: samples size. The letters above bars indicate
significant differences as determined by ANOVA followed by Tukey’s honest significance test, or Kruskal-Wallis
test followed by Dunn’s multiple comparison test in case of non-normal distribution. Compact letter display was
used for grouping statistical comparisons, where different letters denote significant difference (p<0.05)
(performed using GraphPad). C,D The experiment was repeated at least two times.
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Figure 31: Root growth inhibition assay of CYCD7;1-overexpressing A. thaliana plants: Two independent
35S8::tGFP-3xHA-FLAG::FASTR::AtAct2::CYCD7;1-4xMYC (CYCD7;1) lines were selected. Col-0 wildtype or
35S8::tGFP-3xHA-FLAG::FASTR::AtAct2::tGFP-4xMYC (tGFP) plants served as controls (A) Confirmation of protein
abundance in the CYCD7;1 overexpresser lines. Plants were grown on ATS plates. After protein extraction,
proteins were subjected to Western blot analysis with anti-MYC antibodies. (B) The primary root lengths of
transgenic plant grown on ATS for 10 days. Columns represent mean values of at least 50 plants + SD. Asterisks
indicate significant differences according to ANOVA followed by Tukey’s honest significance test. p < 0.001
(***), p<0.01(**), p<0.05 (*). (C) 10-day-old seedlings were treated with 100 nM flg22 or mock (water). After
4 days, primary root lengths were measured. Box and whisker plots show mean primary root lengths in % relative
to mock treated roots. n: samples size. The letters above bars indicate significant differences as determined by
ANOVA followed by Tukey’s honest significance test, or Kruskal-Wallis test followed by Dunn’s multiple
comparison test in case of non-normal distribution. Compact letter display was used for grouping statistical
comparisons, where different letters denote significant difference (p<0.05) (performed using GraphPad). C,D
The experiment was repeated at least two times.
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Figure 32: Root growth inhibition assay of CDKB1;1 and CYCD1;1-overexpressing A. thaliana plants: Two
independent  35S::CDKB1;1-3xHA-FLAG::FASTR::AtAct2::CYCD1;1-4xMYC (CDKB1;1+CYCD1;1) lines were
selected. Col-0 wildtype or 35S::tGFP-3xHA-FLAG::FASTR::AtAct2::tGFP-4xMYC (tGFP) plants served as controls
(A) Confirmation of the overexpression. Plants were grown on ATS plates. Roots were harvested and total RNA
was extracted followed by reverse transcription into cDNA and gene expression analysis using qRT-PCR. The

graphs show the fold change (Z-Am) of the expression in transgenic lines compared to Col-0 plants.
Normalization was done against the housekeeping genes, UBQ5 and EF1a. The numbers in parentheses on the
x-axis are internal lines identifiers. (B) Confirmation of protein abundance in the overexpresser lines. Plants were
grown on ATS plates. After protein extraction, proteins were subjected to Western blot analysis with anti-HA
and anti-MYC antibodies. (C) The primary root lengths of transgenic plant grown on ATS for 10 days. Columns
represent mean values of at least 50 plants + SD. Asterisks indicate significant differences according to ANOVA
followed by Tukey’s honest significance test. p < 0.001 (***), p < 0.01 (**), p < 0.05 (*). (D) 10-day-old seedlings
were treated with 100 nM flg22 or mock (water). After 4 days, primary root lengths were measured. Box and
whisker plots show mean primary root lengths in % relative to mock treated roots. n: samples size. The letters
above bars indicate significant differences as determined by ANOVA followed by Tukey’s honest significance
test, or Kruskal-Wallis test followed by Dunn’s multiple comparison test in case of non-normal distribution.
Compact letter display was used for grouping statistical comparisons, where different letters denote significant
difference (p<0.05) (performed using GraphPad). C,D The experiment was repeated at least two times.
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Figure 33: Root growth inhibition assay of CDKB1;1 and CYCD2;1-overexpressing A. thaliana plants: Two
independent 35S::CDKB1;1-3xHA-FLAG::FASTR::AtAct2::CYCD2;1-4xMYC (CDKB1;1+CYCD2;1) lines were
selected. Col-0 wildtype or 35S::tGFP-3xHA-FLAG::FASTR::AtAct2::tGFP-4xMYC (tGFP) plants served as controls
(A) Confirmation of the overexpression. Plants were grown on ATS plates. Roots were harvested and total RNA
was extracted followed by reverse transcription into cDNA and gene expression analysis using gRT-PCR. The

graphs show the fold change (Z_MG) of the expression in transgenic lines compared to Col-0 plants.
Normalization was done against the housekeeping genes, UBQ5 and EF1a. The numbers in parentheses on the
x-axis are internal lines identifiers. (B) Confirmation of protein abundance in the overexpresser lines. Plants were
grown on ATS plates. After protein extraction, proteins were subjected to Western blot analysis with anti-HA and
anti-MYC antibodies. (C) The primary root lengths of transgenic plant grown on ATS for 10 days. Columns
represent mean values of at least 50 plants + SD. Asterisks indicate significant differences according to ANOVA
followed by Tukey’s honest significance test. p < 0.001 (***), p < 0.01 (**), p < 0.05 (*). (D) 10-day-old seedlings
were treated with 100 nM flg22 or mock (water). After 4 days, primary root lengths were measured. Box and
whisker plots show mean primary root lengths in % relative to mock treated roots. n: samples size. The letters
above bars indicate significant differences as determined by ANOVA followed by Tukey’s honest significance
test, or Kruskal-Wallis test followed by Dunn’s multiple comparison test in case of non-normal distribution.
Compact letter display was used for grouping statistical comparisons, where different letters denote significant
difference (p<0.05) (performed using GraphPad). C,D The experiment was repeated at least two times.
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Figure 34: Root growth inhibition assay of CDKB1;2 and CYCD1;1-overexpressing A. thaliana plants: Two
independent 35S::CDKB1;2-3xHA-FLAG::FASTR::AtAct2::CYCD1;1-4xMYC (CDKB1;2+CYCD1;1) lines were
selected. Col-0 wildtype or 35S::tGFP-3xHA-FLAG::FASTR::AtAct2::tGFP-4xMYC (tGFP) plants served as controls
(A) Confirmation of the overexpression. Plants were grown on ATS plates. Roots were harvested and total RNA
was extracted followed by reverse transcription into cDNA and gene expression analysis using gRT-PCR. The

graphs show the fold change (Z_MCt) of the expression in transgenic lines compared to Col-0 plants.
Normalization was done against the housekeeping genes, UBQ5 and EF1a. The numbers in parentheses on the
x-axis are internal lines identifiers. (B) Confirmation of protein abundance in the overexpresser lines. Plants were
grown on ATS plates. After protein extraction, proteins were subjected to Western blot analysis with anti-HA and
anti-MYC antibodies. (C) The primary root lengths of transgenic plant grown on ATS for 10 days. Columns
represent mean values of at least 50 plants + SD. Asterisks indicate significant differences according to ANOVA
followed by Tukey’s honest significance test. p < 0.001 (***), p < 0.01 (**), p < 0.05 (*). (D) 10-day-old seedlings
were treated with 100 nM flg22 or mock (water). After 4 days, primary root lengths were measured. Box and
whisker plots show mean primary root lengths in % relative to mock treated roots. n: samples size. The letters
above bars indicate significant differences as determined by ANOVA followed by Tukey’s honest significance
test, or Kruskal-Wallis test followed by Dunn’s multiple comparison test in case of non-normal distribution.
Compact letter display was used for grouping statistical comparisons, where different letters denote significant
difference (p<0.05) (performed using GraphPad). C,D The experiment was repeated at least two times.
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4 Discussion

Roots play essential roles in water and nutrient uptake, anchorage, and interactions with the soil
environment (Taiz & Zeiger, 1991). Root growth is determined by cell proliferation and cell elongation.
RAM is the primary site of cell division in roots, which is responsible for continuous root growth and
it serves as a reservoir of undifferentiated cells (Perilli et al., 2012). In RAM, rarely dividing quiescent
centre cells are surrounded by stem cells, which undergo asymmetric cell division and produce self-
renewing daughter cells. After dividing several times, cells reach the elongation/differentiation zone,
in which they exit cell cycle and differentiate to form root architecture (Perilli et al., 2012; Strotmann
& Stahl, 2021). Root growth is influenced by a wide range of internal (e.g. hormonal regulation) and
external factors, such as the availability of macro (e.g. nitrogen, phosphorus, and potassium) and
micronutrients (e.g. zinc, manganese), texture of soil, pH of soil, temperature etc. In addition, biotic
factors can influence root growth (Taiz & Zeiger, 1991). The impact of biotic factors can be growth-
promoting (mutualists) or detrimental (soil-borne pathogens) (Raaijmakers et al., 2009). Soil-borne
pathogens can target plant roots and may cause devastating plant diseases, posing a major threat to
global crop production. Alarmingly, it is expected that in the future, climate change will exacerbate
crop losses by leading to the emergence of new pathogens and increasing the severity of existing plant
diseases (Delgado-Baquerizo et al., 2020). Therefore, understanding the molecular basis of plant
immunity is crucial to develop new strategies to control devastating plant diseases.

4.1. Plant growth media may affect PTI activation levels

Studies over the last decades have made significant contributions to our understanding of plant
immunity. The implementation of cutting-edge technologies such as cell sorting and single-cell
transcriptomics have enabled researchers to reveal transcriptional networks in plant responses to
pathogens at the tissue and even single-cell level (Nobori & Ecker, 2023). However, many questions
remain unanswered regarding how individual cells respond to pathogen attacks. To answer those
guestions, it is vital to have potent experimental systems. The inhibition of seedling or root growth is
a common side effect of flg22 or Pepl-induced PTI and can be used as a measure for PTI activity
(Jacobs et al., 2011; Poncini et al., 2017). In the past, experiments carried out by the Schafer group
have shown that the extent of RGI varied depending on the media used for plant growth (Rich-Griffin
et al., 2020). In this thesis, | demonstrated that plant growth, as well as activation and strength of
various PTI responses could strongly depend on the growth media used in the experiments. Recent
studies on the spatial analysis of PTI activity in roots have shown that in some tissues PTI responses
were low or totally absent. However, in those studies %2 MS was used as the growth medium. Since
PTI activation levels may generally be low on this kind of medium, the results might be misleading

(Emonet et al., 2021; Zhou et al., 2020). MES-buffered %2 MS medium, which contains macronutrients,
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micronutrients, vitamins and organic nutrients is widely used as growth medium for plant studies
(Murashige & Skoog, 1962). An alternative plant growth medium is ATS, which contains macro and
micronutrients (Haughn & Somerville, 1986; Lincoln et al., 1990). When | compared plant growth on
the two media types, | observed that seedlings grown on ATS media had longer roots and an overall
better growth compared to the seedlings grown on % MS media (see also Rich-Griffin et al., 2020).
When | examined root PTI responses other than RGI, e.g. ROS burst, or up-regulation of PTI marker
genes, | noticed that both ROS production and PTI-gene induction were much stronger in A. thaliana
seedlings grown on ATS media as compared to plants grown on % MS media upon flg22 or Pepl
treatment. Furthermore, the ATS-grown PTl-reporter lines pMYB51::NLS-3xmVENUS and pPER5::NLS-
3xmVENUS showed strong fluorescence signal induction in the RAM after flg22 treatment. In contrast,
the reporter lines which were grown on % MS media had barely any fluorescence signal in the RAM at
6 h after flg22 treatment, and at 24 hat, the expression of the fluorescence reporter genes was slightly
increased but it was still significantly lower than those in ATS plants. In the Pepl treated roots, | did
not observe a significant difference in the fluorescent signal intensities among the plants grown on
ATS or % MS (Figure 7,8 and Figure S5. S6). While the flg22 treatment of plants grown in both types of
media induced signals in the epidermis cells, Pep1treatment induced signals in the stele. The observed
difference in the fluorescence signal patterns of the flg22- or Pep1 treated plants can be attributed to
the fact that different PTI elicitors activate immunity networks in a cell type-specific manner (Rich-
Griffin et al., 2020). Recent studies have shown that different cell types launch different immune
responses and the developmental identity and the age of the root play a key role in cell type-specific
immunity (reviewed in Ustiiner et al., 2022). For instance, cell type-specific transcriptome analyses in
A. thaliana roots after flg22 or Pepl treatment revealed that different defense programs were
activated in epidermis, cortex and pericycle after flg22 or Pepl treatment (Rich-Griffin et al., 2020).
Translating ribosome affinity purification (TRAP)-seq analysis demonstrated that upon infection with
mutualistic or pathogenic microbes, different root layers responded differently (Froschel et al., 2021).
In this context, it was not surprising to see that the reporter gene activity varied in the RAM and DZ,
and flg22 or Pepl induce the reporter gene expression in cortex-epidermis and stele, respectively.
Interestingly, elicitor treatment affected the PTI reporter signal in a growth media-dependent manner
in the RAM, but not the DZ. Whether this may be attributed to the age and/or the degree of cell
differentiation is currently unknown.

The two growth media used in the present study were prepared using common recipes. %> MS media
is often prepared using phyto agar as solidifying agent, while ATS media is often supplemented with
Gelrite™. Phyto agar is a purified form of agar-agar, supposedly reduced in contaminants that may

affect plant growth (https://goldbio.com/product/1742/phyto-agar). Gelrite™ (also known as
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Phytagel or gellan gum) is a polysaccharide produced by microbial fermentation of glucuronic acid,
rhamnose and glucose. Gelrite™ may be free from toxic contaminants, such as phenolic compounds,
and, unlike agar-agar, is considered to have a consistent quality (https://www.duchefa-
biochemie.com/; Huang et al., 1995). Furthermore, to solidify media, a lower amount of Gelrite™ is
necessary compared to phyto agar (Huang et al.,, 1995), and media that are supplemented with
Gelrite™ are more rigid (depending on the salt composition), which could enable plants to have a
better root penetration, thus a better growth. In the literature it has been shown that the choice of
the gelling agent might affect experimental results. For instance, it has been shown that gellan gum is
more suitable than phyto agar for reproducibility of A. thaliana morphometric experiments (Jacques
et al., 2020). In a similar way, Kikuchi et al., demonstrated that depending on the polyploidy level of
A. thaliana, agar and gellan gum could differently affect root growth, which might be due to the
amount of aluminum in gellan gum (Kikuchi et al., 2023). In the model moss Physcomitrella patens,
the choice of the gelling agent can affect cytokinin sensitivity by an unexplained mechanism (Hadeler
et al., 1995). In the present study, root growth was significantly reduced in the Col-0 plants grown on
ATS containing phyto agar compared to ATS containing Gelrite™. However, in % MS growth media,
the gelling agent did not have any significant effect on the root growth in general. After flg22
treatment | did not observe a significant difference in RGI intensity in the plants grown on ATS
Gelrite™ or ATS phyto agar. However, the gelling agent slightly affected the RGI intensities in plants
grown on % MS media: on % MS containing Gelrite™, plants were slightly more sensitive to flg22-
induced RGI than on % MS containing phyto agar. | therefore conclude that the gelling agent might
have some effect on RGI levels but does not explain the differences between ATS media and % MS
media in full (Figure S1).

Root-associated bacteria can suppress local root immune responses by reducing the environmental
pH in A. thaliana seedlings, and PTI alkalinizes the extracellular pH in the root meristem, which
promotes binding of Pep1 to its receptors on plant cell membrane (Yu et al., 2019a; Liu et al., 2022).
Although these findings indicate the importance of pH in PTI, | showed that MES-based buffer of
growth media had no effect on flg22 or Pep1 induced RGI (Figure S1).

ATS and % MS are slightly different in terms of macro/micronutrient composition. Recent findings
showed that there might be a cross-talk between nutrient signaling pathways and plant immunity (Val-
Torregrosa et al., 2021). For example, phosphate stress can lead to a repression of defense-related
genes in A. thaliana (Castrillo et al., 2017). In addition, C-TERMINALLY ENCODED PEPTIDES (CEPs) are
phytocytokines in A. thaliana, which regulate root development and growth (Chapman et al., 2019).
Recently, Rzemieniewski et al. showed that CEPs and their receptors mediate molecular cross-talk

between plant nutrition and immunity. Accordingly, high nitrogen levels can make plants less sensitive
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to flg22 treatment in CEP-dependent manner (Rzemieniewski et al., 2024). There are some differences
in the salt compositions of ATS and % MS medium, e.g. ATS contains 505 mg I'* KNO; and 739 mg I*
MgS0,, whereas % MS contains 950 mg/L KNOs and 90.5 mg/L MgSQ.. Further studies will be needed
to test for potential effects of individual micro- or macro-elements in plant growth media on the
variance in PTl activation levels.

This study highlights that the choice of growth media has a very strong influence on the qualitative
and quantitative levels of PTI activity that can be observed in A. thaliana in response to various
immune elicitors. This information is critical for the scientific community to accurately interpret results
of immunity-related experiments. Further experiments will be required to see if the observed media-
dependent effects on PTl levels are also visible in other plant organs or tissue types, and whether they
affect plant species other than A. thaliana as well.

4.2 flg22-triggered PTI may interfere with the expression of CDKB and CYCD cell cycle regulator

genes

In response to abiotic and biotic stress factors, plants can adjust their cell cycle machinery so that they
can achieve developmental plasticity, which enables them to survive under challenging environments.
Like other organisms, plants must preserve their genomic integrity, and ensure accurate transmission
of the genome to the next generations. However, stress can cause DNA damage (Nisa et al., 2019).
Plants should prevent the replication of cells with damaged DNA. By slowing down or arresting the
cell cycle, cells can allocate time for DNA repair mechanisms to restore genome integrity (Carneiro et
al.,, 2021; Shimotohno et al., 2021). In this context, CDKs and their activating subunits, CYCs are
believed to play major roles in regulating cell division rates, under environmental stress. It is believed
that environmental stress response signaling cascades can affect directly or indirectly the expression
and activity of CDK and CYC genes and proteins. This can lead to cell cycle delay or cell cycle arrest at
G1/S or G/M phase transitions, and thus impaired growth (Carneiro et al., 2021; Shimotohno et al.,
2021). There are many examples in the literature showing the effects of stress on the expression of
cell cycle regulators. For instance, in A. thaliana root tip cells, in which the cell cycle was synchronized
via hydroxyurea (HU) treatment, ultraviolet-B (UV-B) irradiation changed the expression patterns of
cell cycle regulatory genes (e.g CDKA;1, CDKB1;1) and the delay in the expression of CYCD3;1
suggested that UV-B irradiation may cause Gi/S arrest. Consistent with this, in A. thaliana, DNA
damage could alter the expression of key CDK and CYC genes, which could delay cell cycle progression
at the Go/M or late S/G, phase (Jia et al., 2016). In response to cabbage leaf curl virus infection,
microarray analysis of the A. thaliana transcriptome showed that expression of cell cycle regulator

genes was altered (Ascencio-lbafiez et al., 2008). | hypothesized therefore that the activation of flg22-
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induced PTI may directly or indirectly alter the expression of CDKB and CYCD genes during A. thaliana
RGI.

BAR ePlant expression profile maps (Figure S12) and publicly available single cell RNA-seq data (Figure
11) indicated that under non-stress conditions, CDKB genes are expressed in meristem cells and hardly
in cells of the maturation zone, which is in agreement with previously published experimental data
(Adachi et al., 2006; Andersen et al., 2008; Martinez et al., 1992; Okushima et al., 2014). It is not
surprising that CDKB genes, which regulate the G,/M transition in dividing cells, are not strongly
expressed in the upper parts of roots, as the cells in the maturation zone exit the cell cycle and enter
endoreplication (Hayashi et al., 2013). According to the BAR ePlant expression maps (Figure S12) and
publicly available single cell RNA-seq data (Figure 11), the expression of some CYCD genes is observed
only in meristem cells (e.g., CYCD3;1), while some others show expression in cells of the elongation
and maturation zone (e.g., CYCD1;1, CYCD2;1, CYCD3;2), which may reflect a role of CYCD protein
beyond regulation of cell division. Examples for such roles include the regulation of cell differentiation
(e.g. control of the balance cell division and cell differentiation in vascular tissue development by
CYCD3 proteins, Collins et al., 2015), organ formation in response to hormones (e.g. lateral root
formation in pericycle and the control, De Veylder et al., 2007; Sanz et al., 2011), and balancing cell
division and endoreplication (Dewitte et al., 2007; Magyar et al., 2012).

In order to determine whether flg22-induced PTI influences cell cycle in A.thaliana roots, | analyzed
CDKB and CYCD gene expression kinetics in wild-type A. thaliana roots after flg22 treatment (Figure
12,13 and Figure S14, S15). In both of the biological replicates, compared to the mock treated samples,
the expression of CYCD1,;1 and CYCD5;1 significantly decreased 24 h after flg22 treatment, and the
decline in the expression of CYCD1;1 continued at 48 h after treatment. Furthermore, at 48 hat, the
expression of CDKB2;1, CDKB2;2, and CYCD4,2 decreased in both of the biological replicates. In the
other tested genes, an overall trend towards down regulation was observed, although the timepoint
for downregulation of the genes varied between biological experiments. Several reasons make
expression analyses of cell cycle regulators in roots difficult: Only a small number of the overall root
cells undergo cell division, and the cell cycle in these cells is not synchronised. This leads to a
heterogenous population of dividing cells which may undergo different cell cycle phases at any given
time. Chemical agents such as HU are widely used to synchronise plant cell cultures (Cools et al., 2010;
Planchais et al., 2000). HU treatment can be applied to A. thaliana seedlings to achieve
synchronization of root tips, as well (Cools et al., 2010; Jiang et al., 2011). However, this approach
would not have been suitable for the present study as HU treatment could lead to DNA damage,
induction of stress-related genes, changes in overall cellular metabolism and even cell death (Winnicki

et al., 2013). HU-induced stress responses could therefore interfere with the flg22 induced immune
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signalling pathway. In addition, most CDKB and CYCD genes are not very strongly expressed in A.
thaliana roots and their expression decrease in the elongation and differentiation zones, where cells
become non-cycling. This could dilute CDKB and CYCD transcripts and mask the effects of flg22
treatment on CDKB or CYC expression. According to the BAR ePlant expression maps (Figure S12) and
single cell RNA-seq data (Figure 11), besides in the RAM, some CYCD genes (e.g. CYCD2;1 and CYCD4;1)
are expressed in the elongation and differentiation zone, where cells exit cell cycle and enter
endoreplication. Changes in expression of these genes after flg22 treatment would be difficult to
interpret in the context of a potential effect of immunity on cell cycle regulation.

The data presented here indicate that PTI induction may lead to a reduction in expression of CDKB
genes, which are believed to regulate G,/M transition. That PTI activity interferes with cell division in
G2/M phase is supported by the observation that flg22 treatment reduced the number of dividing cells
that express the G2/M transition maker pCYCB1;1::CYCB1;1-GFP (Eichmann et al. unpublished).
However, it cannot be excluded that the downregulation of CDKB genes was the result of an
impairment in the upstream signalling pathways that regulate cell cycle or that PTI could delay or
arrest earlier cell cycle phases such as G; and S. In that case any negative effects of PTI on G1/S phases
would negatively affect the activation of later cell cycle phases as well (Inzé & De Veylder, 2006). It
might be difficult to directly determine which phase of the cell cycle is affected by immunity using the
transcriptional data from CDKB and CYCD genes. The expression of cell cycle regulator genes may start
before their protein activity peaks (e.g. CDKB1,;1 expression starts in S phase and the protein activity
peaks at Go/M phase (Dewitte & Murray, 2003)). On the other hand, expression of some cell cycle
regulator genes is constant throughout the cell cycle and/or regulated by environmental factors. For
instance, in N. tabacum Bright Yellow-2 cells, CYCD3;1 transcript accumulation was constant
throughout the cell cycle, but decreased under depleting sugar levels in the culture medium (Dewitte
& Murray, 2003; Riou-Khamlichi et al., 2000; Sorrell et al., 1999). Employing phase-specific fluorescing
cell cycle markers, which have a well-defined expression pattern, would help to understand which cell
cycle phase is affected by PTI. For instance, “Plant Cell Cycle Indicator” (PlaCCl) is a recently developed
fluorescent reporter system, which employs cell cycle phase-specific fluorescent markers. PlaCCl
integrates three fluorescent markers, which are fused to specific protein associated with distinct cell
cycle (CHROMATIN LICENSING AND DNA REPLICATION FACTOR-CFP for Gi-phase, HISTONE H3.1-
mCherry for S-phase, and CYCB1;1-YFP for G,-phase). It allows to monitor cell cycle in real-time using
live imaging (Desvoyes et al., 2020). Using PlaCCl reporter lines, it would be interesting to monitor cell

cycle and endocycle after flg22 treatment.
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4.3 flg22-triggered PTI may interfere with CYCD2;1 protein accumulation

Although many studies focused primarily on the genetic and transcriptional aspects of plant immunity,
it does not fully reflect the complete regulatory processes. Accumulating evidence suggests that post-
translational modifications (PTMs) such as ubiquitination and phosphorylation, which enable rapid
and dynamic changes in protein abundance and activity are essential for defense-related signaling
events at almost all stages of immunity (Withers & Dong, 2017). PTMs play roles in the activation of
PTI, signal amplification, regulation of the activity of transcription factors, which control defense-
related genes, ETI responses and deactivation of immunity (Bigeard et al., 2015; Chung et al., 2014;
Liu et al., 2011; Sarris et al., 2015; Y. Wang et al., 2014; Withers & Dong, 2017). Moreover, recent
studies have indicated that PTMs are also involved in the regulation of growth-immunity trade-offs
(Gough & Sadanandom, 2021; Withers & Dong, 2017). For instance, the protein kinase complexes
SUCROSE NON-FERMENTING 1-RELATED PROTEIN KINASE1 (SnRK1) and TARGET OF RAPAMYCIN
(TOR) are key regulators of stress responses, growth and plant metabolism. Under favorable
conditions, TOR promotes growth, while under biotic stress SnRK1 inhibits TOR through
phosphorylation and thus promotes disease resistance at the expense of growth (Margalha et al.,
2019). The regulation of SnRKI1 activity itself depends on SUMOylation, e.g. the enzymatic conjugation
of Small Ubiquitin-like Modifier (SUMO) proteins, which results in its ubiquitination and proteasomal
degradation to prevent over-activation of plant stress responses and growth inhibition (Crozet et al.,
2016). In addition, it is thought that plant growth repressors DELLA proteins (Section 1.3.2) are less
ubiquitinated during biotic stress, which makes them more stable. This suggests that the inhibition of
DELLA degradation is crucial for maintaining the balance between growth and defense (Gough &
Sadanandom, 2021; Navarro et al., 2008; Sun, 2010).

| hypothesized that under flg22-induced immunity, the levels of cell cycle regulator protein can
decrease to slow down or arrest the cell cycle, which can contribute to RGI. To test whether PTI has
any effect on protein levels of cell cycle regulators, 3xHA-FLAG- or 4xMYC-tagged versions of AtCDKB
and AtCYCD proteins were transiently over-expressed in N. benthamiana leaves, which was followed
by flg22 treatment. According to the Western blot analyses of the samples, AtCYCD2;1 protein levels
slightly decreased 24 hours after flg22 treatment (Figure 17 and Figure S18, S19). Since in the
experimental system, the AtCYCD2;1 gene was strongly and constitutively expressed under the control
of the CaMV 35S promoter, reduced protein levels were unlikely due to reduced AtCYCD2;1
transcription. More likely, the reduction in protein levels might be due to increased protein
degradation following PTMs. All CYCD proteins have a PEST motif (Figure 10), which may function in
proteolytic degradation typically by the ubiquitin proteasome system (Rechsteiner & Rogers, 1996).

In addition, as has been observed for many other CYCDs, treating plant samples with the proteasome
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inhibitor MG132 (inhibits the 26S proteasome) resulted in higher levels of CYCD2;1 compared to
untreated samples (Sanz et al., 2011). This was confirmed in this thesis: MG132 treatment of A.
thaliana seedlings that overexpress CYCD2;1-4xMYC resulted in higher protein levels in roots
compared to water treated samples (data not shown). This supports that CYCD2;1 is regulated through
the ubiquitin-proteasome system. Taken together, one could speculate that flg22 treatment directly
or indirectly promotes ubiquitination of CYCD2;2 and increases its degradation.

It is known that CYCD2;1 is involved in cell cycle stimulation in root meristems (Sanz et al., 2011).
Overexpression of A. thaliana CYCD2;1 resulted in enhanced cell division in the RAM without changing
the overall root growth rate ( Qi & John, 2007) and in N. tabacum roots, overexpression of A. thaliana
CYCD2;1 led to a reduction in the length of G; phase and a faster cell cycle (Cockcroft et al., 2000).
Furthermore, CYCD2;1 is thought to regulate the G,/S transition with CDKA;1 (Boniotti & Gutierrez,
2001). It is conceivable that during RGI, PTI may influence CYCD2;1 protein levels and that this could
result in an arrest of the cell cycle at G; followed by reduced growth. To support this hypothesis, it is
crucial to test weather CYCD2;1 accumulation in A. thaliana roots is affected by flg22 treatment as
well. Furthermore, it would be interesting to investigate how flg22-induced PTI alters PTM, especially
ubiquitination of the CYCD2;1 protein. In the same experimental setup, one could also apply MG132
to stop proteasomal degradation and investigate whether this would affect the flg22-triggered
reduction in CYCD2;1 levels as well. In addition, a ubiquitination assay could be performed under flg22-
induced PTI conditions.

Although Western blot is a valuable method for detecting the presence of proteins, it might not be
very sensitive to detect low abundance proteins and to quantify small changes in protein levels. Since
it is a semi-quantitative method, it can only give a rough estimation but cannot provide precise or
absolute values. For the quantification of the accumulation of native CDKB and CYCD proteins in the
presence or absence of PTI activation, more sensitive quantitate techniques such as mass
spectrometry could be an option (Zhang et al., 2010). In addition, in this study (Section 2.2.2.1), A.
thaliana lines were generated that express mVENUS-tagged CDKB1;1, CDKB2;1 and CDKB2;2 under
control of their native promotors. In future analyses, these lines could reveal how immunity affects
the abundance and distribution of fluorescently-labelled CDKB proteins in root meristems.

Together, the generated tagged CDKB and CYCD overexpression constructs, along with the
optimization and detection of CDKB and the highly unstable CYCD proteins by Western blot in this

study, will be highly valuable for future experiments.
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4.4 Overexpression of CDKB and CYCD genes could abolish flg22-induced RGI

Previous findings of the Schafer lab indicated that overexpression of CDKB1;1 and potentially CYCD1;1
could abolish flg22-induced RGl in A. thaliana plants (Eichmann et al., unpublished; Finch,2019). In the
present work, new 3xHA-FLAG-tagged overexpresser A. thaliana lines were generated for all members
of the B-type CDKs. In the present work, flg22-induced RGI was not observed in 35S5::CDKB1,1-3xHA-
FLAG plants as it was observed before (Eichmann et al., unpublished) for a 355::CDKB1;1 line (Boudolf
et al., 2004a). In the study by Eichmann et al., 355::CDKB1,1 plants generally exhibited much longer
roots compared to the wild-type plants, which indicated that overexpression of CDKB1;1 supported
cell cycle and cell growth in that line. However, in the 355::CDKB1,;1-3xHA-FLAG lines generated in this
study, | observed much shorter roots compared to the control plants. The shorter roots may have
made the plants more sensitive to flg22 treatment, which may be the reason why | was unable to
observe abolished RGI in the 35S5::CDKB1;1-3xHA-FLA plants (Figure 19 and Figure S24). The reasons
for these differences in the phenotypes can be attributed to factors such as off-target effects of T-DNA
insertions, different activities of the 35S promoter fragments used, functional inhibition through
protein tagging, or differences in growth conditions, and seed viability. However, RGl assays using the
novel transgenic lines indicated that overexpression of CDKB2;1 may partially overcome flg22-induced
RGI, as well (Figure 21 and Figure S26). It is thought that CDKB2,1 is expressed specifically at Go/M and
that it regulates the G,/M phase transition (Polyn et al., 2015). In contrast to the previous observation
that 35S::CDKB2;1 plants were indistinguishable from wild-type plants in terms of root growth
(Andersen et al., 2008), | observed that the CDKB2;1 overexpressing plants had slightly longer roots
compared to wild-type A. thaliana plants. The longer roots might be an indicator of accelerated cell
division due to CDKB2;1 overexpression and this could potentially also partially overcome the negative
effect of PTl on root growth.

CYCD proteins, which link environmental factors to the cell cycle machinery and act as activating
subunits of CDK proteins, may also serve as mediators of the growth-immunity cross-talk. Similar to
overexpression of CDKB1;1 and CDKB2;1, the overexpression of CYCD1;1 and CYCD3;2 partially
overcame flg22-induced RGl in A. thaliana plants (Figure 21, 23, 26 and Figure S26, S28 and S31, Finch,
2019 ). However, the phenotypes were observed only in one line for both genes. To draw firm
conclusions, it will be necessary to test more lines. It is important to note that overexpressing core cell
cycle genes such as CDKBs and CYCDs may have deleterious effects, as they have vital roles in plant
growth and development and are usually tightly regulated. Therefore, it is conceivable that transgenic
lines that strongly overexpress CDKBs and CYCDs may not have survived. In AtAct2::tGFP-4xMYC lines,
AtAct2 promoter led thousands-folds higher expression of the expression in the control samples (data

not shown), whereas in AtAct2::CYCD lines, the AtAct2 promoter led only 2 to 40-fold of the expression
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in the control samples. As a result, we may underestimate measured phenotypes in “weaker”
overexpressers. To overcome negative effects of constitutive overexpression on plant growth, one
could employ chemically inducible promoters such as an estrogen receptor-based trans-activator XVE
system (Zuo et al., 2000).

If the effects of CDKB/CYC overexpression could be confirmed in future experiments, it will be
necessary to examine whether PTI signalling would still be functioning in the overexpressing lines to
rule out the possibility that reduced flg22-induced RGI resulted from impaired PTI signalling. To this
end, wild-type and the transgenic lines could be treated with flg22 and it could be checked whether
the PTI hallmark responses, such as ROS burst, induction of defence gene expression, or MAPK
phosphorylation would still be activated. Furthermore, it would be important to examine if the
transgenic lines would be resistant against pathogens (e.g. P. syringae pv. tomato DC3000) after PTI
activation. If PTI would not be impaired and the transgenic plants would be less sensitive to PTI-
activated RGlI, this will show that one can potentially uncouple the negative growth-immunity cross-
talk.

The similar phenotypes regarding reduced sensitivity observed after flg22 treatment of the CDKB1;1,
CDKB2;1 and CYCD1,1 and CYCD3;2 overexpression lines suggest that these proteins might be working
together in regulating growth-immunity cross-talk. To test this hypothesis physical protein-protein
interactions could be investigated. There is previous evidence that some CDKBs and CYCDs physically
interact. These findings have been mapped in a protein-protein interactome network, which was
generated using yeast two-hybrid and bi-fluorescence complementation assays and, in another study,
in vitro co-immunoprecipitation was employed (Boruc et al., 2010; Kono et al., 2003; Veylder et al.,
1997). According to the protein-protein interactome network generated by Boruc et al.,, CDKB1;1
interacts with CDKB2;1, CYCD1;1, CYCD3;2, furthermore CDKB2;1 interacts with CYCD3;2 (Boruc et al.,
2010). In addition, Kono showed that CDKB2;1 and CYCD1;1 interact using in vitro pull-down assay
(Kono et al., 2003). In the present study, plasmids containing the 3xHA-FLAG- and 4xMYC-tagged
versions of CDKBs and CYCDs were generated. These plasmids were successfully used for transient
expressing of CDKBs and CYCDs in N. benthamiana via Agrobacterium-mediated transformation, and
the expressed proteins were detected with Western blot (Figure 14). Using this established system, in
future experiments, co-expression of interesting CDKB and CYCD pairs can be carried out in N.
benthamiana, followed by co-immunoprecipitation to confirm protein-protein interactions in planta.
Given the reduction in CDKB2;1 expression after flg22 treatment (Section 3.3.2.2) and the reduced RGI
in 355::CDKB2;1-3xHA-FLAG, AtAct2::CYCD1;1-4xMYC, and AtAct2::CYCD3;2-4xMYC plants, CDKB2;1,
CYCD1;1, and CYCD3;2 may work together to mediate immunity and cell cycle signalling. CDKB2;1

transcript level and activity peak during G,/M phase, whereas, CYCD1;1 expression is not phase-
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dependent (Menges et al., 2003; Polyn et al., 2015). In addition to CYCD1;1, CYCD4;1 may play role in
immunity-cell cycle cross-talk. Kono et al showed that like CYCD1;1, CYCD4;1 is expressed throughout
the cell cycle and the authors suggested that CDKB2;1 and CYCD4;1 form an active kinase complex,
which may control Go/M transition (Kono et al., 2003). When PTl is triggered, it could be argued that
the CDKB2;1-CYCD kinase complexes disassociate, thereby blocking G2/M transition and leading to
arrested cell cycle and growth inhibition. After confirming the interaction partners of CDKBs, one could
investigate whether these interactions are altered by flg22-induced PTI by using the experimental
system developed in Section 3.3.3.2. In this study, although the overexpression of the CDKB1;1 protein
did not cause any changes in RGl phenotype, investigating whether PTI affects the physical interaction
between CDKB1;1 and CYCD proteins could provide valuable insights.

4.5 Multifaceted roles of CDKB and CYCD proteins in growth- and stress-related process

The results of this work indicate potential effects of flg22-induced PTlI on CDKB and CYCD proteins
during RGI. Root growth is dependent on cell division, cell growth (elongation) and undisturbed root
patterning (Heidstra & Sabatini, 2014; Sablowski & Carnier Dornelas, 2014). Although, the primary role
of CDKB and CYCD proteins is cell cycle regulation, as it was mentioned in Section 4.2, some of these
proteins have been shown to be involved in other cellular processes, which could also play roles in the
growth-immunity cross-talk.

CDKBs and CYCDs are known to play a role in the maintenance of both shoot and root meristem
organization, root patterning and root architecture. Knockdown or overexpression of CDKB2;1 and
CDKB2;2 led to disturbed shoot meristem and overall growth inhibition. However, this phenotype was
not observed in the RAM, although a reduction in the number of lateral roots was observed (Andersen
et al., 2008). WUSCHEL-RELATED HOMEOBOX 5 (WOX5) is a transcription factor that is required for
QC function and maintenance of columella stem cell (Haecker et al., 2004; Sarkar et al., 2007). WOX5
suppresses CYCD expression to restrict cell division in the QC. Specifically, WOX5 interacts with the
promoter of CYCD3;3 to repress its expression. Ectopic expression of CYCD3;3 is sufficient to trigger
cell division in the QC. On the other hand, WOX5, CYCD1;1 and CYCD3;3 promote cell division in the
columella (Forzani et al., 2014). SCARECROW(SCR) and SHORTROOT(SHR) are two transcription factors
that control patterning of the root ground tissues. The SCR/SHR complex controls the expression of
CYCD6;1 in cortex-endodermis initials and cortex-endodermis initial daughter cells. The expression is
critical for promoting asymmetric stem cell division, which is essential for correct patterning of root
tissue (Cruz-Ramirez et al., 2012; Long et al., 2015; Xie et al., 2023). The examples mentioned above,
along with many other findings, show that CDKB and CYCD proteins are important in tissue patterning
and proper root development. The reduction in the expression of certain CDKB and CYCD genes after

flg22-induced PTI activation and reduced RGI in the overexpression plants raise the question of
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whether PTI disrupts stem cell niche organization and root patterning in the RAM. However, previous
results by the Schafer lab showed that flg22 treatment did not affect the number of QC cells or the
expression of pWOX5::GFP. Furthermore, the expression pattern of GFP-tagged versions of various
stem cell markers, such as SHR, SCR was not affected by flg22 treatment. The results indicate that root
stem cell niche organization and root pattering were not significantly affected by PTI activation
(Eichmann et al., unpublished).

Another cellular activity in which CDK and CYC proteins play a role is the endocycle. During endocycle,
cells multiply the genomic material without dividing, which leads to polyploidy (Breuer et al., 2014).
In principle, the activity of certain CDK-CYC complexes should be downregulated to exit mitotic cell
division and enter the endocycle (Breuer et al., 2014). Endocycle and cell cycle share many regulatory
proteins. For instance, CDKB1;1 together with CYCA2;3 promotes cell division and inhibits
endoreduplication in A. thaliana. To enter the endocycle, CELL CYCLE SWITCH 52A1 was shown to
activate an E3 ubiquitin ligase to degrade CYCA3;2 (Boudolf et al., 2009). A recent study showed that
CDKB1;1 and CDKG2 function in a common pathway to control endoreduplication and cell growth in
A. thaliana (Jiang et al., 2022). In addition, Dewitte et al. found that the CYCD3 group is required for
promoting mitotic cell cycle and inhibit endocycle in shoots of A. thaliana, which is crucial for
determining cell number and size in organ development (Dewitte et al., 2007). It is also known that
stress conditions such as heat, drought, salinity, or DNA damage could increase endoreplication and
potentially ploidy levels in roots (Bhosale et al., 2018; Hase et al., 2006; Lang & Schnittger, 2020;
Matsuda et al., 2018; Monjardino et al., 2006). Furthermore, upon beneficial or pathogenic infections,
e.g. during colonization of the Medicago truncatula root cortex by arbuscular mycorrhizal fungi, in
symbiosis between legumes and nitrogen-fixing rhizobia, in powdery mildew-infected A. thaliana
leaves, or in epidermal cells of rosette leaves infected by the cabbage leaf curl virus, endocycle
induction was observed in the vicinity of infection sites (Ascencio-lbafiez et al., 2008; Carotenuto et
al., 2019; Cebolla et al., 1999; Chandran et al., 2010; Fan et al., 2022). It is important to mention that
in A. thaliana roots, endoreduplication takes place before rapid cell expansion and it is believed that
there is a correlation between ploidy levels and cell size, including elongation (Hayashi et al., 2013;
Sugimoto-Shirasu & Roberts, 2003). As the root growth rate is determined by cell division and cell
elongation (Beemster & Baskin, 1998), it would be interesting to investigate in the future whether PTI
influences the endocycle, and whether this contributes to RGI as well.

It is thought that CDKB proteins also play role in the DNA damage responses (DDR). Being sessile
organisms, plants are exposed to DNA damage from internal (e.g. replication errors, ROS production
due to cellular metabolism) and external factors (e.g. UV light, heat stress). DNA damage can threaten

genome integrity, which can cause developmental defects, lethality and impaired transmission of
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genetic information to the next generations (Nisa et al., 2019; Szurman-Zubrzycka et al., 2023). To
maintain genomic stability, it is essential to sense DNA damage and have repair mechanisms. Like in
animals, ATAXIA TELANGIECTASIA MUTATED (ATM) and ATM and RAD3-RELATED (ATR) are two
protein kinases, which regulate DDR activation. DNA double strand breaks (DSB) are primarily
detected by ATM, while single strand breaks (SSB) activate ATR (Nisa et al., 2019). Suppressor Of
Gamma Radiation 1 (SOG1) is considered as a downstream element of ATR and ATM (Yoshiyama et
al., 2009; Yoshiyama et al., 2013). SOG1 is believed to be the main regulator of the DDR network and
it controls the expression of DNA repair genes and cell cycle regulators (Nisa et al., 2019). Another
important kinase in DDR pathways is WEE1, which is activated by both ATR and ATM (Cools et al.,
2011; De Schutter et al., 2007). Upon DNA damage detection, cell division seems to be arrested to
allow sufficient time for DNA repair and thus to maintain genome integrity. CDK-CYCLIN complexes
are among the key targets for cells cycle arrest (Caneiro et al., 2021). For instance, it has been shown
that upon DNA damage, SOG1 downregulats the expression of CDKB2;1 (Yoshiyama et al., 2009). In
addition, in case of DSB, the ATR-SOG1 pathway controls proteasome-dependent degradation of
CDKB2;1 (Adachi et al., 2011). A recent study showed that in A. thaliana, WEE1 led to ubiquitination
and degradation of PLEIOTROPIC REGULATORY LOCUS 1 (PRL1) in response to replication stress. It was
suggested that loss of PRL1 causes an alteration in RNA splicing of CYCD1;1 and CYCD3;1 genes,
resulting in downregulation of their expression, which may contribute to cell cycle arrest (Wang et al.,
2021b). Although DNA damage could inhibit CDK activity, counter-intuitively, CDKB1s are known to be
activated (both at the transcriptional and posttranslational level) after DNA damage presumably in
order to play a role in a DNA repair mechanism. RADIATION SENSITIVE 51 (RAD51) is an important
mediator of homology-dependent repair. Weimer et al showed that a CDKB1-CYCB1 complex could
phosphorylate RAD51 to mediate homology-dependent repair in A. thaliana (Weimer et al., 2016).
Unlike AtCDKB2;1 in A. thaliana, Oryza sativa (Os) CDKB2;1 transcription was not downregulated
during the DNA damage response induced by X-ray in rice. Moreover, rice cdkb2;1 knockdown plants
exhibited increased sensitivity to DNA damage, suggesting that OsCDKB2;1 could directly play a role
in DNA repair through an unknown mechanism (Endo et al., 2012). Considering the roles of CDKs and
CYCDs in DDR and the results of this work, which indicates a downregulation of various CDKs and
CYCDs after flg22 treatment, one may speculate that flg22-induced PTI induces a DNA damage
response, which inhibits root growth. Song and Bent showed that several bacteria, fungi and
oomycetes could cause DSBs in host plant DNA in A. thaliana (Song & Bent, 2014). A ROS burst is one
of the earliest responses of PTI, and ROS production can be genotoxic (Dutta et al., 2018; Gilroy et al.,
2014). It is known that in animals, infection-induced ROS production can lead to DNA damage in host

cells (Chakraborty et al., 2011). However, it has been shown that in A. thaliana plants deficient in ROS
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production, P. syringae infection-induced DSB formation still occurred (Song & Bent, 2014). Therefore,
how infection leads to DNA damage remains unknown. Interestingly, DNA repair mutants and DDR
signaling mutants are more susceptible to P. syringae (Nisa et al., 2019). In addition, SOG1 controls
the expression of some defense-related genes (Bourbousse et al., 2018; Ogita et al., 2018). This
indicates that DDR activation and plant immunity are indeed linked.

Taken together, CDK and CYC proteins are not only involved in cell cycle regulation, but are also
important components of many other cellular growth-related processes. It will be interesting to
investigate whether PTI affects their roles in orchestrating cellular functions beyond cell cycle

regulation, such as their involvement in root development and DDR.
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Final remarks and future perspective

Having a better understanding of the molecular basis of the growth-immunity antagonism, which can
be observed under both lab and field conditions, will support the breeding efforts to generate disease
resistance in crops without trading-off growth. Impaired growth under immunity may be the result of
imperfect energy and resource allocation (Brown, 2002; Herms & Mattson, 1992; Huot et al., 2014,
Monson et al.,, 2022). However, accumulating evidence suggests that immunity-induced growth
inhibition could also be due to (multiple) conflicting immunity and growth-related signalling pathways
(Eichmann & Schéfer, 2015; Kliebenstein, 2016; Reitz et al., 2015). If this is the case, there is a chance
that immunity and growth could be genetically uncoupled via supporting the shared intersecting
compounds of immunity and growth (See Section 1.3.3).

Growing evidence indicates that hormones play a vital role in orchestrating immunity and growth
(Denancé et al., 2013; Spoel & Dong, 2008). One could argue that under favourable conditions
hormones promote cell proliferation and upon biotic stress, stress hormone signalling could be
redirected to immunity. Although, we begin to have a better understanding about how hormones
coordinate immunity and growth (Reitz et al., 2015), it remains elusive how immune signalling is
connected to the mitotic cell cycle and/or the endocycle. In the present thesis the effects of immunity
on cell cycle regulators were investigated, with a focus on CDKBs and CYCDs. The reason for my focus
on this protein families was based on previous results in the Schafer lab (Section 1.5.3) and the
potential roles of CYCD proteins in connecting environmental cues into the cell cycle machinery.
Indeed, the present work supports that flg22-induced PTI can alter the transcription of CDKBs and
CYCDs and maybe protein levels. Furthermore, reduction in flg22-induced RGI via overexpression of
CDKB1;1, CDKB2;1, CYCD1;1 and maybe CYCD3;2 strengthen the hypothesis that PTI interferes with
cell cycle regulation through an unknown pathway. To gain a better understanding of the molecular
mechanism behind this, a first step might be to analyse protein-protein interactions between CDKBs
and CYCDs under immunity by using the system established in this work. Investigating hormone
signalling in these processes might be interesting as it is known that cell cycle regulators are heavily
regulated by hormones at both mRNA and protein levels. For instance, auxin seems to support both
CDKB2;1 transcript and protein levels in the A. thaliana root meristem (Okushima et al., 2014). It is
also known that auxin can mediate the balance between growth and defence (Kazan & Manners,
2009).

The present work focused on the impact of PTI activation on younger root cells in the root meristem,
which still undergo cell cycle. However, scientists are beginning to focus on the understanding of
development-related aspects of immunity in differentiated cells in older root tissues (Ustiiner et al.,

2022). Growth is maintained by cell elongation in the older tissues as well. In this respect, it would be
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important to investigate the relationship between cell elongation and endoreduplication with a focus
on cell cycle regulators, which are involved in endoreduplication and are affected by PTI. In addition,
different root cell types and tissues can exhibit different immune responses quantitatively and
qualitatively (Chuberre et al., 2018; Froschel et al., 2021; Poncini et al., 2017; Rich-Griffin et al., 2020;
Ustiiner et al., 2022; Zhou et al., 2020). It seems that several mechanisms regulate growth-defence
trade-offs and these might be interconnected (Huot et al., 2014; Reitz et al., 2015). Having a better
understanding of the interference of immune signalling and growth regulatory processes and cell type-
specific immune responses would potentially help us in breeding processes towards highly resistant

crops without impaired growth.
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Supplementary Data

Primer name

Table S1: Primers used in this work

Sequence (5'to3)

Purpose

tGFP_for_Cter_fw
tGFP_for_Cter_re
LO_UA_fw

LO_UA_rev

GG_LO_f2

GG_LO_re

GG_L1_fw

GG_L1_re

pGY1-fwd
FASTR_int_fwd
FASTR_int_rev
L2_rev_to_linker
FASTRfPmel
FASTRrPmel
AtCDKA,1_pgfwdRsr|
AtCDKA,1_pgrevBamHI
AtCDKB1,1_pgfwdRsrl|
AtCDKB1,1_pgrevBamHI
AtCDKB1,2_pgfwdRsrl|
AtCDKB1,2_pgrevBamHI
AtCDKB2,1_pgfwdRstl|
AtCDKB2,1_pgrevBamHI
AtCDKB2,2_pgfwdRsrl|
AtCDKB2,2_pgrevBamHI
AtCYCD1,1_pgfwdRsrl|
AtCYCD1,1_pgrevBamHI
AtCYCD2,1_pgfwdRsrl|
AtCYCD2,1_pgrevBamHI
AtCYCD3,1_pgfwdRsrl|
AtCYCD3,1_pgrevBamHI
AtCYCD3,2_pgfwdRsrl|
AtCYCD3,2_pgrevBamHI
AtCYCD3,3_pgfwdRsrl|
AtCYCD3,3_pgrevBamHI
AtCYCD4,1_pgfwdRstll
AtCYCD4,1_pgrevBamHI
AtCYCDA4,2_pgfwdRstl|
AtCYCD4,2_pgrevBamHI
AtCYCD5,1_pgfwdRsrll
AtCYCDS5,1_pgrevBamHI
AtCYCD6,1_pgfwdRsrl|
AtCYCD6,1_pgrevBamHI
AtCYCD7,1_pgfwdRsrl|
AtCYCD7,1_pgrevBamHI
NbEF1a_fwd *
NbEFla_rev *
NbCyp71D20_fwd *
NbCyp71D20_rev *

TTGAAGACAACTCAAATGAGAGGATCTGGATCTGAGTCTG
TTGAAGACAACTCGCGAATCCTCACCAGCATCAGCATCAG
TTACGGTTCCTGCACTCTGTG
GCTTATGTCCACTGGGTTCGT
GTGAGCGAGGAAGCGGAAG
GTCTCATGAGCGGATACATATTTGAATG
GAACCCTGTGGTTGGCATGCACATAC
CTGGTGGCAGGATATATTGTGGTG
TGACGCACAATCCCACTAT
CATCTACAACGTCAAGATCAGA
CATCTACAACGTCAAGATCAGA
CATCTACAACGTCAAGATCAGA
GTTTAAACAAGCTTGGAGTTCTAGAATG
GTTTAAACAGCGACTAAATGGAGCAACC
CGGTCCGTCCGTCGGTGTGCTAGTCT
GGATCCTCCATTAACAGCATTTTCT
CGGTCCGGAATTTGTAGCTTTCAAA
GGATCCGAACTGAGACTTGTCAAGG
CGGTCCGTTTCCCCTTTACATAGAA
GGATCCGAACTGAGATTTGTCAAG
CGGTCCGAATTCTGGTTCTACTACGAT
GGATCCATCCATCAAGAGATTGTG
CGGTCCGACATTTAGGGCCTATAGAT
GGATCCGAGAGAGGACTTGTCAGG
CGGTCCGAACTGATTTATCATACGGTT
GGATCCATTAGAGGTAGATGTTTCA
CGGTCCGAGAAACATAGCCTTAGCT
GGATCCTTGTTTTCTCCTCCTCT
CGGTCCGAGCGTTTGGCGTTTAGAA
GGATCCTGGAGTGGCTACGATTGCCCA
CGGTCCGCTTTCATTTGAATAATAT
GGATCCGCGGCGACGTTCTAGTCGG
CGGTCCGTTTCCTAGTTAATTATGTT
GGATCCGCGAGGACTACTACTAAG
CGGTCCGAGATATTGAAATTATTGT
GGATCCAGAAAGATGTGTATAAGA
CGGTCCGCTAACTAACAACACTAATA
GGATCCAGAAAGAGAAGTGAGGGA
CGGTCCGTCCTATAAATCTTATCTC
GGATCCTAGCCTACGCATTCTCT
CGGTCCGTATTTATGAGTAAATGACA
GGATCCGTAACGACGAGTACTA
CGGTCCGCACCAGTTTCATTGTAATT
GGATCCAATGTAATTTGACATTTCA
GTATGCCTGGGTGCTTGAC
ACAGGGACAGTTCCAATACCA
CCGCACCATGTCCTTAGAG
CTTGCCCCTTGAGTACTTGC

(*): Gimenez-lbanez et al., 2018

Golden Gate cloning
Golden Gate cloning
Colony PCR LO UA+ seq
Colony PCR LO UA+seq
Colony PCR LO+seq
Colony PCRLO +seq
Colony PCRL1 +seq
Colony PCRL1 +seq
Colony PCR

Colony PCR+ seq
Colony PCR+ seq
Colony PCR

Cloning

Cloning

Cloning

Cloning

Cloning

Cloning

Cloning

Cloning

Cloning

Cloning

Cloning

Cloning

Cloning

Cloning

Cloning

Cloning

Cloning

Cloning

Cloning

Cloning

Cloning

Cloning

Cloning

Cloning

Cloning

Cloning

Cloning

Cloning

Cloning

Cloning

Cloning

Cloning

qPCR

qPCR

qPCR

gPCR



Supplementary table 1 cont.: Primers used in this work

Primer name Sequence (5'to 3") Purpose
NbACRE31_fwd ** CGTCTTCGTCGGATCTTCG qPCR
NbACRE31_rev ** GGCCATCGTGATCTTGGTC qPCR
AtUBQS-4fwd CCAAGCCGAAGAAGATCAAG qPCR
AtUBQS5-4rev ATGACTCGCCATGAAAGTCC qPCR
AtEFlalphafwd CTGTTGTAACAAGATGGATGCC qPCR
AtEFlalpharev CCCTCGAATCCAGAGATTGG qPCR
AtCBP60gfwd AAGAAGAATTGTCCGAGAGGAG gPCR
AtCBP60grev GGCGAGTTTATGAAGCACAG gPCR
AtWRKY22fwd ATCTCCGACGACCACTATTG gPCR
AtWRKY22rev TCATCGCTAACCACCGTATC gPCR
AtFRK1F CGGTCAGATTTCAACAGTTGTC qPCR
AtFRK1F AATAGCAGGTTGGCCTGTAATC qPCR
AtCDKB1,1f CTTCATATCTTCAGGTTGCTAGGA qPCR
AtCDKB1,1r TGAGGTGAAAGAGAAGGAACAG qPCR
AtCDKB1,2fwd AAGAAGGTATACCACCAACGG qPCR
AtCDKB1,2rev AGAGATTGGATTTGGGAGAGTG qPCR
AtCDKB2,1fwd CTAAAGAAGACGCGTCTCCA qPCR
AtCDKB2,1rev ACCTGACGACGTGAGGA qPCR
AtCDKB2,2fwd CAGAAGCTTTCGTCAAGCTG qPCR
AtCDKB2,2rev TTGTGAGGCTTAAGATCCCTG qPCR
AtCYCD1,1fwd TATGGATCGGTTTCTTTACGCT qPCR
AtCYCD1,1rev AAATACTTCACTCCTGCAACCT qPCR
AtCYCD2,1fwd CGGATTTACGAACGAGATTGATTAC qPCR
AtCYCD2,1rev CACTCAAGGACGATGAAGAAGA qPCR
AtCYCD3,1fwd GAAGCTGTTGGTTGGATTCTG gPCR
AtCYCD3,1rev CTGAAGCATCCATGGTTTGTC gPCR
AtCYCD3,2fwd TATGGGATGACGATGAGATTCTG qPCR
AtCYCD3,2fwd ACCTATCGAAGTAGTTCACAGC qPCR
AtCYCD3,3fwd AAGAACCGTGTCTTTATGACGA qPCR
AtCYCD3,3rev TGAGACATCCATGGCTTATCTG qPCR
AtCYCD4,1fwd GTTGGCTGTGGCTTGTTTATC qPCR
AtCYCD4,1rev ACAAACTGAGGATCTCCAACC qPCR
AtCYCD4,2fwd GAGAGAGACGGATCAAGTTCAAG qPCR
AtCYCD4,2rev GAGGAGGAAACAGAAGCAGTAG qPCR
AtCYCDS5,1fwd TCGATCTCTTGGTGGACTTCTA qPCR
AtCYCD5,1rev CGGTGGAGGTGTCATATGTTT qPCR
AtCYCD6,1fwd GCCCTGGATTCTTAAGCTCATA qPCR
AtCYCDG6,1rev AGAGGACTTGAGGCTATGGA qPCR

(**): Heese et al., 2007
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Figure S1: Differences in RGI responses on different growth media are independent of media buffering and
the choice of gelling agent: Col-0 wild-type plant were grown for 10 days on (A), ATS supplemented with either

Gelrite'" (GR) or phyto agar (PA), or (B), ATS or or % MS media buffered (B) with MES or non-buffered (NB).
Plants were then treated with 1 uM flg22, 1 uM Pep1l or water (mock). Total primary root lengths were measured
after 4 days and primary root lengths relative to mock treated roots were calculated. Per condition at least 20
roots were counted. Columns and error bars represent mean values + SD. The experiment was repeated three
times with similar results. Statistical comparisons were performed using ANOVA followed by Tukey’s honest
significance test. Compact letter display was used for grouping statistical comparisons, where different letters
denote significant difference (p<0.05).
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Figure S2: flg22- induced ROS burst is less strong in roots of plants grown on % MS medium when compared
to ATS medium: 14-day-old Col-0 wild-type plants were grown on ATS or % MS and roots were treated with 1
UM flg22, 1 uM Pep1l or water (mock). (A-B), Luminol-based detection of ROS production after flg22 or Pepl
treatment, respectively. The graphs show mean values of 6 technical replicates + SE. The experiments were
repeated three times with similar results. RLU: relative luminescence units, AUC: area under curve. Asterisks
indicate significant differences according to ANOVA followed by Tukey’s honest significance test. p < 0.001 (***),
p <0.01 (**), p < 0.05 (*), ns: not significantly different.
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Figure S3: Pep1l- induced ROS burst is less strong in roots of plants grown on % MS medium when compared
to ATS medium: 14-day-old Col-0 wild-type plants were grown on ATS or % MS and roots were treated with 1
uM flg22, 1 uM Pepl or water (mock). (A-B), Luminol-based detection of ROS production after flg22 or Pepl
treatment, respectively. The graphs show mean values of 6 technical replicates + SE. The experiments were
repeated three times with similar results. RLU: relative luminescence units, AUC: area under curve. Asterisks
indicate significant differences according to ANOVA followed by Tukey’s honest significance test. p < 0.001 (***),
p <0.01 (**), p <0.05 (*), ns: not significantly different.

128



Rep 3

Rep 2
0.008 - cBpeog 0.010 — CBP60g
*kk
o 0.008 -
£ g
85 2 0.006 -}
£9 eb
g 4
5% )
S BN 0004~
& £
8 o002
0.000 -1 nin NN =
o )
5‘? & < 5‘? & <
ATS Ms ATS % MS
0.020 —
FRK1 0020 poyeq
- *hk
p 0015 g 0015
H 2
5 S
% 4 0.0104 33 0.010-
23 2 s
£ %
L 0.005- £ 0054 ek -
0.000 —| e IR R, NESORY U0
2 =]
53 e:g < é? a& <
ATS %MS ATS v MS
0.025 JWRKY22 0.03
dkk
0.020 —
2 .g
o
$ £
85 85
39 39
< 5 <
g ™ ™~
g &
g $
* "~
§ qq?-
g
ATS 2 MS ATS % MS

Figure S4: The expression of flg22- or Pepl-induced PTI reporter genes is suppressed in roots of plants grown
on % MS medium compared to ATS grown plants: 10-day-old Col-0 wild-type plants were grown on solid ATS
or %4 MS medium and roots were treated with 1 uM flg22, 1 uM Pep1l or water. Roots were harvested 2 hours
after treatment and gene expression was analysed by qRT-PCR. Expression of the marker genes CBP60g, FRK1,
and WRKY22, respectively. Columns and bars represent mean values + SE from one representative experiment.
The experiment was repeated three times with similar results. Asterisks indicate significant differences with
respect to the mock samples according to ANOVA followed by Tukey’s honest significance test. p < 0.001 (***),

p <0.01 (**), p <0.05 (*), ns: not significantly different.
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Figure S5: flg22 induces stronger PTI reporter gene expression in the meristematic zone of plant roots grown
on ATS media: pMYB51::NLS-3xmVENUS plants were grown on solid ATS or %2 MS media and roots were treated
with 1 uM flg22, 1 uM Pepl or water. Roots were harvested 6 or 24 hours after treatment (hat). (A) mVENUS
expression (yellow) in the root apical meristem (RAM) and differentiation zone (DZ). Root cell walls were stained
with Direct Red 23 (magenta). (B) Quantification of mVENUS signals in the respective root areas. AU: arbitrary
unit. Columns and bars represent mean values + SD of one representative. Different letters indicate significant
differences according to ANOVA test followed by Tukey’s honest significance test. The experiment was repeated
two times with similar results.
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Figure S6: flg22 induces stronger PTI reporter gene expression in meristematic zone of plants grown on ATS
plates: 14-day-old pPER-5::NLS-3xmVENUS plants were grown on solid ATS or % MS and roots were treated with
1uM flg22, Pepl or water. Roots were harvested 6 hours after treatment (hat) (A) mVENUS expression (yellow)
in the root apical meristem (RAM) and differentiation zone (DZ). Root cell walls were stained with Direct Red 23
(magenta). (B) Quantification of mVENUS signals in the respective root areas. AU: arbitrary unit. Columns and
bars represent mean values + SD of one representative. Different letters indicate significant differences according
to ANOVA test followed by Tukey’s honest significance test. The experiment was repeated two times with similar
results.
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Figure S7: Gene models for CDKB and CYCD genes in A. thaliana: Gene models were acquired from TAIR and the
representative graphics were generated using the Exon-Intron Graphic Maker (http://wormweb.org/exonintron).
Untranslated regions (UTRs) and exons are depicted in white and black bars, respectively. Lines represent introns.
When there is more than one predicted gene model, the one that was used for further analyses is highlighted in
red.

132
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CDKB2;2 MDNNGVKPAVSAMEAF 47
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CDKB2;1 ARDPHV KQG-~------ L 85
CDKB2;2 ARDPH I KQG------- IN 87
CDKB1;1 QST KGCPNPKIPLEPFL IQK 127
CDKB1;2 HS P KGCSNPRPLEASLVQRF 129
CDKB2;1 KEG STCGKNIP--TQTIKS 130
CDKB2;2 KEG QAGQN I B--QNTVKC 132
CDKB1;1 LVKDKEL 174
CDKB1;2 LDKDKCGI 176
CDKB2;1 MDPKTMR 177
CDKB2;2 MDRKTMT 179
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Figure S8: Protein sequence alignments of the B-type CDK family of A. thaliana: Canonical protein sequences of
CDKBs were obtained form UniPort. The multiple sequence alignments were generated by Clustal Omega. The
figure was generated by using Jalview 2. Percentage identity threshold was set to 60%. The red frame shows the
conserved PPTALRE and P(S/P)TTLRE motifs.
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CcYcD2:1 ACCEITSESWI IDNDDDDINYCCGFTNE I DYNHQLFAKDDNFCCGN 49
CYCD3;1 V----EENSSLS--5 44
CYCD3;2 YCEEETG--FVEDDLDD---DGDL----DF----LEKSDES--V 50

CYCD3;3 DLCDES--V 39
CYCD4;1 IVDETPIE 30
CYCD4;2 _ -NSVDT 23
CYCD51 - ----------MG----------- EPKDSLALFLEHESES-SLNEDDDETIER DK---- 33
CYCDB1 - ---------- ME------------- FHLEHPHES - - - -- HSSLHNNFNDD === === === cc-comommmmmoonn 21
CYCD7l = - mm s e e e e e e e e e e e - MDNELCEESWPASPLTPEPLP----------- NFRHRSH----DNDVV 33
CYCD1:1 STVDFSS----SEVDSWPGDS IACF I ED RHFVF‘——GHDYLSRFQTRS LDASAR-EDSVAWILKVQAYYNFQPLTAY 104
cYCcD2:1 GS 1 PMMG----SSSSSLSEDRIKEMLVREIEFCP--GTDYVKRLLSGDLDLSVR-NQALDWILKVCAHYHFGHLCIC 119
CYCD3;1 SSSPF---VVLQQDLFWEDEDLVTLFSKEEEQGL----SCL-~---- DDVYLSTDRKEAVGWILRVNAHYGES TLAAV 109
CYCD3;2 VKFQFLPL---LDMFLWDDDEILSLISKENETNPCFGEQ!I ----- LDGFLVSCRKEALDWVLRVKSHYGFTSLTAIL 119
CYCD3;3 EKFPFLNLGLSDHDMLWDDDELSTL15KQ---EPCLYDEIL~-~~~- DDEFLVLCREKALDWIFKVKSHYGENSLTAL 108
CYCD4;1 151 PQMG----FSQ-SESEEI IMEMVEKEKQHLP - -SDDYIKRLRSGDLDLNVGRRDALNWIWKACEVHQFGPLCFC 100
CYCD4;2 RS | FQMG----FP--LESEEIVREMI EKERQHSP - -RDDYLKRLRNGDLDFNVR- IQALGWIWKACEELQFGPLCIC 91
CYCD5;1 ~QEPH------ FTTTIDDEDYVADLVLKENLRFET--------- LPSKTTSSSDRLIAIDWILTTRTRFGEQHQTAY 94
CYCDB - -=----=------—-- TDYETLPHSLFLVEFQHMP--SSHYFHSLKSSA-FLLSNRNQAISSITQYSRKFDD-PSLTY 79
CYCD7:1 KMYPE ID------- AATMEEA I AMDLEKEIL CFN-NHGDKFVEFFVSK--KLTDYRFHAFQWL IQTRSRLNLSYETVF 100
CYCD1:1 LAVFM LYAR--RLPETSGlPMQIL AVACLEUEARMEE | LVPSLFDFQVAGVKYLFERKTI KR Lvis villolli 179
CYCD2;1 LSMNYL LTSY--ELPKDKDWAAQELAVSCLSLASKMEETDVPHIVDLQVEDPKFVEEAKTIKR LvvVTTENWN 194
cycD3;t LAI TYLBKEICSY--SLQRDKPWMLQEYV SVACLSILAAKYEETQVPLULDFQVEETKYVIEEAKTIQRMEBL | s TIHEW 184
CYCD3;2 AVNYFDRFMTS I --KLQTDKPWMSQLVAVASLSLA KVEEllQV_PL_LLDLQVE_EARYLFEAK_TIQRMEL | LSTLQWR 194
CYcD3;3 LAVNYF 1TSR--KFQTDKPfiMsQliTAL ACLEIL VEEIRVPFLLDFQVEEARYYV Lv[s TEDOW 183
CYCD4;1 LAMNY L LSVH--DLPSGKGW! LQELAVACLSIL IEETEVMPML I DLQVGDPQFV LVILNKEKWN 175
CYCD4;2 LAMNY L LSVH--DLPSGKAWTVQELAVACLSL IEETNMPELMQLQVGAPMFV LVLNVERW 166
cycDs5;1 1AISYFBLELHKRF IGLQKDE TWAMREL SMACLSIL MEERIMPGLSQYPQ-DHDFV L1LsTHDW 170
cycos;1 LAVNYL LSSE--DMPQSKPWILKIEISLSCVSLSAKMRKPDMS -VSDLPVMEG--EF NV I LGAEKW 151
CYCD7;1 SAANCF VYMT--CCDEWTNWMY EBVAVITSIES | BsKFNEVTTELEEELEMEGLTHM I 1LKAHEW 175
cYcD;1 ELRSV PFDFISFFAYKIDPSGT-FLG---FFISHATEIILSNIKEASFLEYWPS|S | HAAAILCVANELPS----LS 248
CYCD2;1 RLQALEPFSFIDYFVDKISGHV---SE---NLIYRSSRFILNTTKAIEFLDFRPSE | AAAAAVSVSISGET----EC 261
CYCD3;1 KMHL I[P | SEVDHI I RRLGLKNN-AHW- - -DFLNKCHRLLLSVISDSREVGYLPSVVMAATMMR | | EQVDP----FD 253
CYCD3;2 MHPVTP | SFFDHI IRRFGSKWH-QQL---DFCRKCERLLISYVIADTRFMRYFPSVLATAIMILVFEELKP----CDE 263
CYCD3;3 RMHPV PISFFDHIIRRYSFKSH—HQL———EFLSRCESLLLSIIPDSRFLSFS\SSVL TAIMVSVIRDLKM----CD 252
CYCD4;1 RLRAIEPCSYIRYFLRKMSKCDQEPSN---TLISRSLQVIASTTKGIDFLEFRPSEVAAAVALSVSGELQR-~-~--VH 245
CYCD4;2 RLRAVEPCSYVRYFLSK INGYDQEPHS ---RLVTRSLQVIASTTKGIDFLEFRASE | AAAVALSVSGE-------- H 232
CYCD5;1 KMNL I [BPFHYFNYFLAK|SQDNH--SVSKDLVLLRSSDSLLALTKE ISETEYRQFVVAAVTTLLASSSTSSDIRLTR 245
CYCD®6;1 @MRSV I’FSFLAFFISLFELKEEDPLLLKHSLKSQTSDLTFSLQHDISFLEFK\P_:‘VI GAALLFASFELCP----1LQ 224
CYCD7;1 RVNAVISYTESQTLVSK I GMVGD -~ - - - - HMIMNR | TNHLLDV I CDLKMLQYPPSVVATAAIWI LMEDK -V - -~~~ - 239

cYcD1;1 SYVNPHESPETWCDGLSKEKIVRECYRLMKAMAI ENNRLNTPKV IAK--LRVSVRASST----—------ LT----RPS 309
CYCD21 | ---DEEKALSSLIYVKQERVKRELNLMRSLTGEENVRGTSLSQEQ--ARVAVRAVPASPVGVLEATCLSYRSEERT 333
CYCD31 PL--SYQTNLLGVLNLTKEKVKTEYDL | LQLPVDRIGLQIQIQSSKKRKSHDSSSSLNSPSCVIDANPFNSD--ESS 326
CYCD3;2 V--EYQSQI TTLLKVNQEKVNECYELLLEHNPSKKRMMNL - - - --------- VDQD-SPSGVLDF----- D--DSSN 318
CYCD3:3 EA--VYQSQLMTLLKVDSEKVNKEYELVLDHSPSKKRMMNW- - - - - - - - - - — - MQQPASPIGVFDAS--F55--D55 311
CYCD41 F---DNSSFSPLFSLLQKERVKKIGEMIESD------~- GSDLC---------- SQTPNGVLEV-SACCFS--FKTHD 299
CYCD4;2 F---DKFSFSSSFSSLEKERVKKIGEMIERD- -~~~ -~ GSSS85-—------—-- SQTPNNTVLQFKSRRYSHSLSTAS 289
CYCD5;1 EEIANKFGSISWWTSNENEN\P‘YLEYQRTLEIEERKHMTPPP-EI ------ AVSREPPASGSGAKRR--LSFD----- 308
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Figure S9: Protein sequence alignments of the D-type CYC family of A. thaliana: Canonical protein sequences of
CYCDs were obtained form UniPort. The multiple sequence alignments were generated by Clustal Omega. The
figure was generated by using Jalview 2. Percentage identity threshold was set to 60%. The red frame shows the
conserved LXCxE motif.
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Figure S10: Unrooted phylogenetic tree of the B-type CDK family of A. thaliana: Protein sequences were
obtained from UniPort. The phylogenetic tree was generated after Multiple Sequence Alignment using Clustal
Omega, with the default settings. For reference, A. thaliana C-type CDKs (CDKC;1 and CDKC;2) and A-type CDK
(CDKA;1) were included.
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Figure S11: Unrooted phylogenetic tree of the D-type CYC family of A. thaliana: Canonical protein sequences
were obtained form UniPort. The phylogenetic tree was generated after Multiple Sequence Alignment using
Clustal Omega, with the default settings. For reference, A. thaliana B-type CYCs (CYCB1;1, CYCB2;1 and CYCB3;1)

were included.
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Figure S12: Expression maps showing cell type-specific expression patterns of CDKBs and CYCDs in A. thaliana
roots: Data were retrieved from the BAR Arabidopsis BAR ePlant (https://bar.utoronto.ca/eplant/). Expression maps
for AB140 and ACT2 were used as negative and positive control for expression in root tissues. Intensity of expression
in different cell types and developmental zones are shown in colour range from yellow (no expression) to dark red
(highest expression).
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Figure S13: Expression of PTI marker genes in A. thaliana roots after flg22 treatment: 12-day-old Col-0 seedlings
were treated with 100 nM flg22 or with water (mock). Whole roots were harvested at 4, 24 and 48 hours after
treatment (hat). Total RNA was extracted, reverse transcribed into cDNA and gRT-PCR was performed. The columns

represent normalized mean values relative to the mock treated samples (Z_MCt). Housekeeping genes AtUBQ5 and
AtEFla were used to normalize data. Error bars show SE of the mean. Asterisks indicate significant differences
between mock and flg22 treated samples according to unpaired two-sided Student’s t test. p < 0.001 (***), p < 0.01
(**), p <0.05 (*), ns: not significantly different.
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Figure S14: Expression of CDKB genes in A. thaliana roots after flg22 treatment: 12-day-old Col-0 seedlings were
treated with 100 nM flg22 or with water (mock). Whole roots were harvested at 4, 24 and 48 hours after treatment
(hat). Total RNA was extracted, reverse transcribed into cDNA and gqRT-PCR was performed. The columns represent

normalized mean values relative to the mock treated samples (Z—MCt). Housekeeping genes AtUBQ5 and AtEF1a were
used to normalize data. Error bars show SE of the mean. Asterisks indicate significant differences between mock and
flg22 treated samples according to unpaired two-sided Student’s t test. p < 0.001 (***), p < 0.01 (**), p < 0.05 (*), ns:
not significantly different.
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Figure S15: Expression of CYCD genes in A. thaliana roots after flg22 treatment: 12-day-old Col-0 seedlings were
treated with 100 nM flg22 or with water (mock). Whole roots were harvested at 4, 24 and 48 hours after treatment
(hat). Total RNA was extracted, reverse transcribed into cDNA and gRT-PCR was performed. The columns represent
normalized mean values relative to the mock treated samples (Z_MCt). Housekeeping genes AtUBQ5 and AtEF1a were
used to normalize data. Error bars show SE of the mean. Asterisks indicate significant differences between mock and
flg22 treated samples according to unpaired two-sided Student’s t test. p < 0.001 (***), p < 0.01 (**), p < 0.05 (*), ns:
not significantly different.
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Figure S16: tGFP expression after Agrobacterium infiltration of N. benthamiana leaves: 4-5-week-old N.
benthamiana leaves were co-infiltrated with A. tumefaciens carrying either the pL1P3_35S::tGFP-3xHA-FLAG or
pL1P3_35S::tGFP-4xMYC plasmid and A. tumefaciens carrying a plasmid for the expression of the silencing
suppressor p19. (A) 1, 2, and 3 days after infiltration (dai), leaf discs were collected and the abaxial sides of the leaves
were investigated for the tGFP signal by using a fluorescence microscope. (B) Fluorescence signals in at least 2 images
per condition were quantified by using the ImageJ image analysis software. AU: arbitrary unit.
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Figure S17: Upregulation on PTI marker genes in N. benthamiana leaf discs after flg22 treatment: 4-week-old N.
benthamiana leaves were infiltrated with A. tumefaciens or infiltration buffer (control). 3 days after inoculation, 1
UM flg22 solution or water (mock) was infiltrated into some of the same leaves (“infiltration”). In parallel, leaf discs
that were collected 2 days after Agrobacterium infiltration were treated with 1 puM flg22 solution in or water well
plates (“floating”). 2 hours after treatment, samples were collected, total RNA extracted and reverse transcribed into
cDNA before gene expression analysis by qRT-PCR was performed. The columns represent mean PTI gene expression

values (Z_ACt), normalised against the house keeping gene, NbEF1a. Error bars show standard errors. Asterisks indicate
significant differences between mock and flg22 treated samples according to unpaired two-sided Student’s t test. p
<0.001 (***), p <0.01 (**).
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Figure S18: AtCYCD protein levels in N. benthamiana leaf discs after flg22 treatment: Experimental set-up: 4-week-
old N. benthamiana leaves were co-infiltrated with A. tumefaciens carrying the plasmids for AtCYCDs-4xMYC
expression and expression of the p19 silencing suppressor. 2 dai, leaf discs were collected and transferred into a 96-
well plate containing water. On the next morning, leaf discs were treated with 1 uM flg22 solution or water. At 6
and 24 hours after treatment (hat), samples were harvested and proteins extracted. Western blot was performed
with antibodies against HA- or MYC-tags. As loading control, membranes were stained with Coomassie brilliant blue
(CBB).
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Figure S19: Quantification of CYCD2;1 protein levels: The Western blot band intensities of CYCD2;1-4xMYC protein
shown in Figure 17 and Figure S18 (Rep 1 and Rep 2) were quantified using Imagel/Fiji and normalized against the
Coomassie brilliant blue stained total protein.
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Figure S20: Root growth inhibition assay in A. thaliana plants overexpressing B-type CDKs: 10-day-old seedlings
were treated with 100 nM flg22 or mock (water). After 4 days, primary root lengths were measured. Two lines each
carrying one of the following constructs were selected: 35S::CDKB1,;1-3xHA-FLAG::FASTR::AtAct2::tGFP-4xMYC
35S::CDKB1,;2-3xHA-FLAG::FASTR::AtAct2::tGFP-4xMYC
FLAG::FASTR::AtAct2::tGFP-4xMYC (CDKB2;1), 35S5::CDKB2;2-3xHA-FLAG::FASTR::AtAct2::tGFP-4xMYC (CDKB2;2).
Plants expressing 35S::tGFP-3xHA-FLAG::FASTR::AtAct2::tGFP-4xMYC (tGFP) served as controls. Box and whisker
plots show mean absolute primary root lengths in one biological experiment (Rep 1). n: samples size. The letters
above bars indicate significant differences as determined by ANOVA followed by Tukey’s honest significance test, or
Kruskal-Wallis test followed by Dunn’s multiple comparison test in case of non-normal distribution (p<0.05). Compact
letter display was used for grouping statistical comparisons, where different letters denote significant difference

(CDKB1;1),

(CDKB1;2),

(p<0.05) (performed using GraphPad). The experiment was repeated at least two times.
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Figure S21: Root growth inhibition assay in A. thaliana plants overexpressing D-type CYCs: 10-day-old seedlings
were treated with 100 nM flg22 or mock (water). After 4 days, primary root lengths were measured. Two lines each
carrying one of the following constructs were selected: 35S::tGFP-3xHA-FLAG::FASTR::AtAct2::CYCD1;1-4xMYC
35S::tGFP-3xHA-FLAG::FASTR::AtAct2::CYCD2;1-4xMYC
FLAG::FASTR::AtAct2::CYCD3;1-4xMYC (CYCD3;1), 355::tGFP-3xHA-FLAG::FASTR::AtAct2::CYCD3;2-4xMYC (CYCD3;2).
Plants expressing 35S::tGFP-3xHA-FLAG::FASTR::AtAct2::tGFP-4xMYC (tGFP) served as controls. Box and whisker
plots show mean absolute primary root lengths in one biological experiment (Rep 1). n: samples size. The letters
above bars indicate significant differences as determined by ANOVA followed by Tukey’s honest significance test, or
Kruskal-Wallis test followed by Dunn’s multiple comparison test in case of non-normal distribution (p<0.05). Compact
letter display was used for grouping statistical comparisons, where different letters denote significant difference
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(p<0.05) (performed using GraphPad). The experiment was repeated at least two times.
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Figure S22: Root growth inhibition assay in A. thaliana plants overexpressing D-type CYCs: 10-day-old seedlings
were treated with 100 nM flg22 or mock (water). After 4 days, primary root lengths were measured. Two lines each
carrying one of the following constructs were selected: 35S::tGFP-3xHA-FLAG::FASTR::AtAct2::CYCD4;1-4xMYC
(CYCD4;1), 35S::tGFP-3xHA-FLAG::FASTR::AtAct2::CYCD4,2-4xMYC (CYCD4;2), 35S::tGFP-3xHA-
FLAG::FASTR::AtAct2::CYCD5;1-4xMYC (CYCD5;1), 35S::tGFP-3xHA-FLAG::FASTR::AtAct2::CYCD6;1-4xMYC (CYCD6;1)
and  35S::tGFP-3xHA-FLAG::FASTR::AtAct2::CYCD7;1-4xMYC (CYCD7;1) . Plants expressing 35S::tGFP-3xHA-
FLAG::FASTR::AtAct2::tGFP-4xMYC (tGFP) served as controls. Box and whisker plots show mean absolute primary root
lengths in one biological experiment (Rep 1). n: samples size. The letters above bars indicate significant differences as
determined by ANOVA followed by Tukey’s honest significance test, or Kruskal-Wallis test followed by Dunn’s multiple
comparison test in case of non-normal distribution (p<0.05). Compact letter display was used for grouping statistical
comparisons, where different letters denote significant difference (p<0.05) (performed using GraphPad). The
experiment was repeated at least two times.
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Figure S23: Root growth inhibition assay in A. thaliana plants double overexpressing B-type CDKs and D-type CYCs:
10-day-old seedlings were treated with 100 nM flg22 or mock (water). After 4 days, primary root lengths were
measured. Two lines each carrying one of the following constructs were selected: 35S::CDKB1;1-3xHA-
FLAG::FASTR::AtAct2::CYCD1;1-4xMYC  (CDKB1;1+CYCD1;1), 35S::CDKB1;1-3xHA-FLAG::FASTR::AtAct2::CYCD2;1-
4xMYC (CDKB1;1+CYCD2;1), 35S5::CDKB1;2-3xHA-FLAG::FASTR::AtAct2::CYCD1;1P-4xMYC (CDKB1;1+CYCD1;1). Plants
expressing 35S5::tGFP-3xHA-FLAG::FASTR::AtAct2::tGFP-4xMYC (tGFP) served as controls. Box and whisker plots show
mean absolute primary root lengths in one biological experiment (Rep 1). n: samples size. The letters above bars
indicate significant differences as determined by ANOVA followed by Tukey’s honest significance test, or Kruskal-
Wallis test followed by Dunn’s multiple comparison test in case of non-normal distribution (p<0.05). Compact letter
display was used for grouping statistical comparisons, where different letters denote significant difference (p<0.05)
(performed using GraphPad). The experiment was repeated at least two times.
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Figure S24: Root growth inhibition assay of CDKBI1;1-overexpressing A. thaliana plants: Two independent
355::CDKB1;1-3xHA-FLAG::FASTR::AtAct2::tGFP-4xMYC (CDKB1;1) lines were selected. Col-0 wildtype or 35S::tGFP-
3xHA-FLAG::FASTR::AtAct2::tGFP-4xMYC (tGFP) plants served as controls. 10-day-old seedlings were treated with 100
nM flg22 or mock (water). After 4 days, primary root lengths were measured (B,D). Box and whisker plots show mean
primary root lengths in % relative to mock treated roots (A,C). n: samples size. The letters above bars indicate
significant differences as determined by ANOVA followed by Tukey’s honest significance test, or Kruskal-Wallis test
followed by Dunn’s multiple comparison test in case of non-normal distribution. Compact letter display was used for
grouping statistical comparisons, where different letters denote significant difference (p<0.05) (performed using
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GraphPad). The experiment was repeated at least three times.
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Figure S25: Root growth inhibition assay of CDKB1;2-overexpressing A. thaliana plants: Two independent
355::CDKB1;2-3xHA-FLAG::FASTR::AtAct2::tGFP-4xMYC (CDKB1,;2) lines were selected. Col-0 wildtype or 35S::tGFP-
3xHA-FLAG::FASTR::AtAct2::tGFP-4xMYC (tGFP) plants served as controls. 10-day-old seedlings were treated with 100
nM flg22 or mock (water). After 4 days, primary root lengths were measured (B,D). Box and whisker plots show mean
primary root lengths in % relative to mock treated roots (A,C). n: samples size. The letters above bars indicate
significant differences as determined by ANOVA followed by Tukey’s honest significance test, or Kruskal-Wallis test
followed by Dunn’s multiple comparison test in case of non-normal distribution. Compact letter display was used for
grouping statistical comparisons, where different letters denote significant difference (p<0.05) (performed using
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Figure S26: Root growth inhibition assay of CDKB2;1-overexpressing A. thaliana plants: Two independent
35S::CDKB2;1-3xHA-FLAG::FASTR::AtAct2::tGFP-4xMYC (CDKB2;1) lines were selected. Col-0 wildtype or 35S::tGFP-
3xHA-FLAG::FASTR::AtAct2::tGFP-4xMYC (tGFP) plants served as controls. 10-day-old seedlings were treated with 100
nM flg22 or mock (water). After 4 days, primary root lengths were measured (B,D). Box and whisker plots show mean
primary root lengths in % relative to mock treated roots (A,C). n: samples size. The letters above bars indicate
significant differences as determined by ANOVA followed by Tukey’s honest significance test, or Kruskal-Wallis test
followed by Dunn’s multiple comparison test in case of non-normal distribution. Compact letter display was used for
grouping statistical comparisons, where different letters denote significant difference (p<0.05) (performed using
GraphPad). The experiment was repeated at least three times.
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Figure S27: Root growth inhibition assay of CDKB2;2-overexpressing A. thaliana plants: Two independent
35S::CDKB2;2-3xHA-FLAG::FASTR::AtAct2::tGFP-4xMYC (CDKB2;2) lines were selected. Col-0 wildtype or 35S::tGFP-
3XHA-FLAG::FASTR::AtAct2::tGFP-4xMYC (tGFP) plants served as controls. 10-day-old seedlings were treated with 100
nM flg22 or mock (water). After 4 days, primary root lengths were measured (B,D). Box and whisker plots show mean
primary root lengths in % relative to mock treated roots (A,C). n: samples size. The letters above bars indicate
significant differences as determined by ANOVA followed by Tukey’s honest significance test, or Kruskal-Wallis test
followed by Dunn’s multiple comparison test in case of non-normal distribution. Compact letter display was used for
grouping statistical comparisons, where different letters denote significant difference (p<0.05) (performed using
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GraphPad). The experiment was repeated at least three times.
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Figure S28: Root growth inhibition assay of CYCD1;1-overexpressing A. thaliana plants: Two independent 35S::tGFP-
3XHA-FLAG::FASTR::AtAct2::CYCD1;1-4xMYC (CYCD1;1) lines were selected. Col-0 wildtype or 35S::tGFP-3xHA-
FLAG::FASTR::AtAct2::tGFP-4xMYC (tGFP) plants served as controls. 10-day-old seedlings were treated with 100 nM
flg22 or mock (water). After 4 days, primary root lengths were measured (B,D). Box and whisker plots show mean
primary root lengths in % relative to mock treated roots (A,C). n: samples size. The letters above bars indicate
significant differences as determined by ANOVA followed by Tukey’s honest significance test, or Kruskal-Wallis test
followed by Dunn’s multiple comparison test in case of non-normal distribution. Compact letter display was used for
grouping statistical comparisons, where different letters denote significant difference (p<0.05) (performed using

Eﬁo' n 28 2 28 27
.l L 4
séwm b % b
3] b T . =
Tw O mock
°‘,§‘ W ng22
< 0
2 g Q v
S gL X
Ao e
& &
& G
D
n 45 46 a4 61
2 150 2
b
e g 100
ee i
-3 4
!-\é 50
§ [0 mock
= 0 @ ng22
Q .‘:\ < Ea
& & F o
& &
G G

GraphPad). The experiment was repeated at least three times.
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Figure $29: Root growth inhibition assay of CYCD2;1-overexpressing A. thaliana plants: Two independent 35S::tGFP-
3XHA-FLAG::FASTR::AtAct2::CYCD2;1-4xMYC (CYCD2;1) lines were selected. Col-0 wildtype or 35S::tGFP-3xHA-
FLAG::FASTR::AtAct2::tGFP-4xMYC (tGFP) plants served as controls. 10-day-old seedlings were treated with 100 nM
flg22 or mock (water). After 4 days, primary root lengths were measured (B). Box and whisker plots show mean
primary root lengths in % relative to mock treated roots (A). n: samples size. The letters above bars indicate significant
differences as determined by ANOVA followed by Tukey’s honest significance test, or Kruskal-Wallis test followed by
Dunn’s multiple comparison test in case of non-normal distribution. Compact letter display was used for grouping
statistical comparisons, where different letters denote significant difference (p<0.05) (performed using GraphPad).
The experiment was repeated at least two times.
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Figure S30: Root growth inhibition assay of CYCD3;1-overexpressing A. thaliana plants: Two independent 35S::tGFP-
3XHA-FLAG::FASTR::AtAct2::CYCD3,;1-4xMYC (CYCD3;1) lines were selected. Col-0 wildtype or 35S::tGFP-3xHA-
FLAG::FASTR::AtAct2::tGFP-4xMYC (tGFP) plants served as controls. 10-day-old seedlings were treated with 100 nM
flg22 or mock (water). After 4 days, primary root lengths were measured (B,D). Box and whisker plots show mean
primary root lengths in % relative to mock treated roots (A,C). n: samples size. The letters above bars indicate
significant differences as determined by ANOVA followed by Tukey’s honest significance test, or Kruskal-Wallis test
followed by Dunn’s multiple comparison test in case of non-normal distribution. Compact letter display was used for
grouping statistical comparisons, where different letters denote significant difference (p<0.05) (performed using
GraphPad). The experiment was repeated at least three times.
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Figure S31: Root growth inhibition assay of CYCD3;2-overexpressing A. thaliana plants: Two independent 355::tGFP-
3XHA-FLAG::FASTR::AtAct2::CYCD3,;2-4xMYC (CYCD3;2) lines were selected. Col-0 wildtype or 35S::tGFP-3xHA-
FLAG::FASTR::AtAct2::tGFP-4xMYC (tGFP) plants served as controls. 10-day-old seedlings were treated with 100 nM
flg22 or mock (water). After 4 days, primary root lengths were measured (B,D,F). Box and whisker plots show mean
primary root lengths in % relative to mock treated roots (A,C,E). n: samples size. The letters above bars indicate
significant differences as determined by ANOVA followed by Tukey’s honest significance test, or Kruskal-Wallis test
followed by Dunn’s multiple comparison test in case of non-normal distribution. Compact letter display was used for
grouping statistical comparisons, where different letters denote significant difference (p<0.05) (performed using

GraphPad). The experiment was repeated at least three times.
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Figure $32: Root growth inhibition assay of CYCD4;1-overexpressing A. thaliana plants: Two independent 35S::tGFP-
3XHA-FLAG::FASTR::AtAct2::CYCD4,;1-4xMYC (CYCD4;1) lines were selected. Col-0 wildtype or 35S::tGFP-3xHA-
FLAG::FASTR::AtAct2::tGFP-4xMYC (tGFP) plants served as controls. 10-day-old seedlings were treated with 100 nM
flg22 or mock (water). After 4 days, primary root lengths were measured (B). Box and whisker plots show mean
primary root lengths in % relative to mock treated roots (A). n: samples size. The letters above bars indicate significant
differences as determined by ANOVA followed by Tukey’s honest significance test, or Kruskal-Wallis test followed by
Dunn’s multiple comparison test in case of non-normal distribution. Compact letter display was used for grouping
statistical comparisons, where different letters denote significant difference (p<0.05) (performed using GraphPad).
The experiment was repeated at least two times.
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Figure S33: Root growth inhibition assay of CYCD4;2-overexpressing A. thaliana plants: Two independent 35S::tGFP-
3XHA-FLAG::FASTR::AtAct2::CYCD4,2-4xMYC (CYCD4;2) lines were selected. Col-0 wildtype or 35S::tGFP-3xHA-
FLAG::FASTR::AtAct2::tGFP-4xMYC (tGFP) plants served as controls. 10-day-old seedlings were treated with 100 nM
flg22 or mock (water). After 4 days, primary root lengths were measured (B,D). Box and whisker plots show mean
primary root lengths in % relative to mock treated roots (A,C). n: samples size. The letters above bars indicate
significant differences as determined by ANOVA followed by Tukey’s honest significance test, or Kruskal-Wallis test
followed by Dunn’s multiple comparison test in case of non-normal distribution. Compact letter display was used for
grouping statistical comparisons, where different letters denote significant difference (p<0.05) (performed using
GraphPad). The experiment was repeated at least three times.
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Figure S34: Root growth inhibition assay of CYCD5;1-overexpressing A. thaliana plants: Two independent 35S::tGFP-
3xHA-FLAG::FASTR::AtAct2::CYCD5;1-4xMYC (CYCD5;1) lines were selected. Col-0 wildtype or 35S::tGFP-3xHA-
FLAG::FASTR::AtAct2::tGFP-4xMYC (tGFP) plants served as controls. 10-day-old seedlings were treated with 100 nM
flg22 or mock (water). After 4 days, primary root lengths were measured (B). Box and whisker plots show mean
primary root lengths in % relative to mock treated roots (A). n: samples size. The letters above bars indicate significant
differences as determined by ANOVA followed by Tukey’s honest significance test, or Kruskal-Wallis test followed by
Dunn’s multiple comparison test in case of non-normal distribution. Compact letter display was used for grouping
statistical comparisons, where different letters denote significant difference (p<0.05) (performed using GraphPad).
The experiment was repeated at least two times.
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Figure S35: Root growth inhibition assay of CYCD6;1-overexpressing A. thaliana plants: Two independent 35S::tGFP-
3XHA-FLAG::FASTR::AtAct2::CYCD6;1-4xMYC (CYCD6;1) lines were selected. Col-0 wildtype or 35S::tGFP-3xHA-
FLAG::FASTR::AtAct2::tGFP-4xMYC (tGFP) plants served as controls. 10-day-old seedlings were treated with 100 nM
flg22 or mock (water). After 4 days, primary root lengths were measured (B). Box and whisker plots show mean
primary root lengths in % relative to mock treated roots (A). n: samples size. The letters above bars indicate significant
differences as determined by ANOVA followed by Tukey’s honest significance test, or Kruskal-Wallis test followed by
Dunn’s multiple comparison test in case of non-normal distribution. Compact letter display was used for grouping
statistical comparisons, where different letters denote significant difference (p<0.05) (performed using GraphPad).
The experiment was repeated at least two times.
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Figure S36: Root growth inhibition assay of CYCD7;1-overexpressing A. thaliana plants: Two independent 355::tGFP-
3XxHA-FLAG::FASTR::AtAct2::CYCD7;1-4xMYC (CYCD7;1) lines were selected. Col-0 wildtype or 35S::tGFP-3xHA-
FLAG::FASTR::AtAct2::tGFP-4xMYC (tGFP) plants served as controls. 10-day-old seedlings were treated with 100 nM
flg22 or mock (water). After 4 days, primary root lengths were measured (B).Box and whisker plots show mean primary
root lengths in % relative to mock treated roots (A). n: samples size. The letters above bars indicate significant
differences as determined by ANOVA followed by Tukey’s honest significance test, or Kruskal-Wallis test followed by
Dunn’s multiple comparison test in case of non-normal distribution. Compact letter display was used for grouping
statistical comparisons, where different letters denote significant difference (p<0.05) (performed using GraphPad).
The experiment was repeated at least two times.
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Figure S37: Root growth inhibition assay of CDKB1;1 and CYCD1;1-overexpressing A. thaliana plants: Two
independent 35S::CDKB1;1-3xHA-FLAG::FASTR::AtAct2::CYCD1;1-4xMYC (CDKB1;1+CYCD1;1) lines were selected. Col-
0 wildtype or 35S::tGFP-3xHA-FLAG::FASTR::AtAct2::tGFP-4xMYC (tGFP) plants served as controls. 10-day-old
seedlings were treated with 100 nM flg22 or mock (water). After 4 days, primary root lengths were measured (B). Box
and whisker plots show mean primary root lengths in % relative to mock treated roots (A). n: samples size. The letters
above bars indicate significant differences as determined by ANOVA followed by Tukey’s honest significance test, or
Kruskal-Wallis test followed by Dunn’s multiple comparison test in case of non-normal distribution. Compact letter
display was used for grouping statistical comparisons, where different letters denote significant difference (p<0.05)
(performed using GraphPad). The experiment was repeated at least two times.
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Figure S38: Root growth inhibition assay of CDKB1;1 and CYCD2;1-overexpressing A. thaliana plants: Two
independent 355::CDKB1;1-3xHA-FLAG::FASTR::AtAct2::CYCD2;1-4xMYC (CDKB1,1+CYCD2;1) lines were selected. Col-
0 wildtype or 35S::tGFP-3xHA-FLAG::FASTR::AtAct2::tGFP-4xMYC (tGFP) plants served as controls. 10-day-old
seedlings were treated with 100 nM flg22 or mock (water). After 4 days, primary root lengths were measured (B). Box
and whisker plots show mean primary root lengths in % relative to mock treated roots (A). n: samples size. The letters
above bars indicate significant differences as determined by ANOVA followed by Tukey’s honest significance test, or
Kruskal-Wallis test followed by Dunn’s multiple comparison test in case of non-normal distribution. Compact letter
display was used for grouping statistical comparisons, where different letters denote significant difference (p<0.05)
(performed using GraphPad). The experiment was repeated at least two times.
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Figure S39: Root growth inhibition assay of CDKB1;2 and CYCDI1;1-overexpressing A. thaliana plants: Two
independent 355::CDKB1,;2-3xHA-FLAG::FASTR::AtAct2::CYCD1;1-4xMYC (CDKB1,2+CYCD1,1) lines were selected. Col-
0 wildtype or 35S::tGFP-3xHA-FLAG::FASTR::AtAct2::tGFP-4xMYC (tGFP) plants served as controls. 10-day-old
seedlings were treated with 100 nM flg22 or mock (water). After 4 days, primary root lengths were measured (B). Box
and whisker plots show mean primary root lengths in % relative to mock treated roots (A). n: samples size. The letters
above bars indicate significant differences as determined by ANOVA followed by Tukey’s honest significance test, or
Kruskal-Wallis test followed by Dunn’s multiple comparison test in case of non-normal distribution. Compact letter
display was used for grouping statistical comparisons, where different letters denote significant difference (p<0.05)
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(performed using GraphPad). The experiment was repeated at least two times.
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