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1 Preface 

This dissertation addresses novel regulatory aspects of the iron uptake regulating 

transcription factor (TF) FER-LIKE IRON DEFICIENCY-INDUCED TRANSCRIPTION 

FACTOR (FIT) with focus on post-translational modification and subcellular organization in 

plants. The overarching open questions and aims are addressed in an introductory part and 

concluded in a final concluding remarks part. The main body of this thesis consists of three 

publications and a submitted manuscript: 

1. CIPK11-Dependent Phosphorylation Modulates FIT Activity to Promote Arabidopsis 

Iron Acquisition in Response to Calcium Signaling 

Regina Gratz*, Prabha Manishankar*, Rumen Ivanov, Philipp Köster, Inga Mohr, Ksenia Trofimov, 

Leonie Steinhorst, Johannes Meiser, Hans-Jörg Mai, Maria Drerup, Sibylle Arendt, Michael 

Holtkamp, Uwe Karst, Jörg Kudla, Petra Bauer, and Tzvetina Brumbarova 

* Authors contributed equally 

published in Developmental Cell (2019), Volume 48, Issue 5, Pages 726-740 

DOI: https://doi.org/10.1016/j.devcel.2019.01.006 

In this publication, we identified a calcium-dependent protein kinase, that 

phosphorylated FIT at Ser271/272. This phospho-site was found relevant for complementation 

of fit mutant plants, localization and mobility of FIT within the cell, and homo- and 

heterodimerization with an interacting partner of FIT, TF BASIC HELIX-LOOP-HELIX039 

(bHLH039). This work suggests that phosphorylation at Ser271/272 is of high importance for 

FIT activity. I contributed to this work with my expertise in microscopy and conducted 

interaction studies showing differences in the interaction strength of phospho-mutated FIT. 

2. Phospho‐mutant activity assays provide evidence for alternative phospho‐

regulation pathways of the transcription factor FER-LIKE IRON DEFICIENCY-

INDUCED TRANSCRIPTION FACTOR 

Regina Gratz, Tzvetina Brumbarova, Rumen Ivanov, Ksenia Trofimov, Laura Tünnermann, Rocio 

Ochoa-Fernandez, Tim Blomeier, Johannes Meiser, Stefanie Weidtkamp-Peters, Matias D. 

Zurbriggen, and Petra Bauer 

published in New Phytologist (2020), Volume 225, Issue 1, Pages 250-267 

DOI: https://doi.org/10.1111/nph.16168 

In this publication, we extended the knowledge on predicted phosphorylation sites for 

FIT regulation and found that FIT was inactivated by phosphorylation at Tyr residues. We 

observed differential interaction and cellular localization of FIT, depending on mutations at 

different phosphorylation sites. FIT protein was rendered less active with phospho-mimicking 

mutations at two Tyr residues. These mutant forms complemented insufficiently fit mutant 
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plants, and turnover of FIT was promoted in one of the Tyr mutant form. Altogether, this work 

shows that FIT activity is differentially regulated via phosphorylation. My contribution to this 

work was my expertise in imaging and conduction of interaction studies, showing differentiating 

FIT interaction upon phospho-mutation. 

3. Mobility and localization of the iron deficiency‐induced transcription factor bHLH039 

change in the presence of FIT 

Ksenia Trofimov*, Rumen Ivanov*, Monique Eutebach, Büsra Acaroglu, Inga Mohr, Petra Bauer, 

and Tzvetina Brumbarova 

* Authors contributed equally 

published in Plant Direct (2019), Volume 3, Issue 12, Pages 1-11 

DOI: https://doi.org/10.1002/pld3.190 

In this publication, we examined the subcellular localization of bHLH039 in presence 

and absence of FIT. We could show that subcellular localization of bHLH039 was dependent 

on FIT. Without FIT, bHLH039 was retained in immobile cytoplasmic foci close to the plasma 

membrane. In presence of FIT, bHLH039 and FIT both were localized in the nucleus. Further, 

we could show that the subcellular localization was also iron- and organ-dependent. This work 

suggests that dynamic protein localization and subcellular partitioning are important for iron 

uptake regulation. I contributed to this work by initially identifying this phenomenon and 

conducting localization and biochemical studies to characterize the subcellular partitioning. 

4. FER-LIKE IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR (FIT) 

accumulates in homo- and heterodimeric complexes in dynamic and inducible 

nuclear condensates associated with speckle components 

Ksenia Trofimov, Regina Gratz, Rumen Ivanov, Yvonne Stahl, Petra Bauer, and Tzvetina 

Brumbarova 

submitted 

In this submitted manuscript we investigated the subcellular localization of FIT and 

found that FIT formed condensates in the nucleus. We characterized the condensate formation 

and function. We could show that FIT engaged in these nuclear bodies (NBs) in an inducible 

and dynamic manner, most likely by liquid-liquid phase separation. Furthermore, FIT NBs were 

homo- and heterodimerization sites and colocalized with splicing components, indicating a 

possible transcriptional or post-transcriptional modification function of FIT NBs. This work 

elucidated an unknown property of FIT and opened the possibility for iron uptake finetuning on 

subnuclear scale. This work was mainly conducted by me, starting with the identification of FIT 

condensation and subsequent detailed analysis of condensate formation and characteristics 

by extensive application of microscopic techniques.
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2 Summary 

Iron is an essential micronutrient for animals and plants. Within iron uptake in plants, 

an important protein is the basic helix-loop-helix (bHLH) transcription factor (TF) FER-LIKE 

IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR (FIT). Together with an 

interaction partner, such as bHLH039, FIT is upregulating gene transcription of the iron uptake 

machinery upon iron deficiency. Iron uptake has to be tightly regulated to avoid deficiency or 

excess. Thus, regulation of FIT activity is an important step in balancing the uptake. It was 

proposed that FIT exists in two pools within the cell, an active and an inactive pool, but FIT 

regulation was mainly described in the context of protein turnover. Therefore, an important 

question to answer is how FIT is activated and deactivated to regulate iron uptake. 

Identification of a protein kinase interacting with FIT opened the possibility of FIT being 

phosphorylated. Therefore, one aim of this work was to investigate the influence of 

phosphorylation on FIT activity. Apart from this, the subcellular localization of FIT and other 

TFs involved in iron uptake was barely in focus of research, missing out on valuable information 

on an additional regulatory level. Another aim was therefore to investigate the subcellular 

localization of TFs involved in iron uptake regulation in more detail. 

In my dissertation, I contributed to show that FIT activity was dually regulated via 

phosphorylation. Ser271/272 was identified as an important phosphorylation site for FIT 

activation, and I could show that upon mutation to a phospho-dead FIT form, this mutant FIT 

showed reduced homo- and heterodimerization with bHLH039 compared to wild-type FIT. The 

phospho-dead FIT form was not able to complement fit mutant plants and showed altered 

localization and protein mobility. In further work, we predicted other phosphorylation sites and 

showed that phosphorylation of Tyr residues deactivated FIT and subjected it to proteasomal 

degradation. Phospho-mimicking tyrosine mutants showed altered localization, protein 

mobility, and promoter transactivation activity. Also here, I could show that FIT mutants had 

altered homo- and heterodimerization capacity with bHLH039 compared to wild-type FIT. 

Iron uptake regulation could be further refined on subcellular level. As a result of an 

extensive microscopy study, I identified that bHLH039 was nucleocytoplasmically partitioned 

depending on FIT. In absence of FIT, bHLH039 was retained in cytoplasmic foci. With FIT, 

bHLH039 localized in the nucleus. Furthermore, I found that FIT underwent condensation 

within the nucleus upon a light stimulus. The formation of these nuclear bodies (NBs) 

functioned as a hub for FIT homo- and heterodimerization with bHLH039. Additionally, 

colocalization studies pointed at a possible transcriptional or post-transcriptional function of 

these FIT NBs. 

This work provides detailed insight into finetuning of FIT activity via a dual post-

translational regulation in form of phosphorylation and uncovers the dynamic subcellular 

localization of FIT and its interaction partner bHLH039. 
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3 Zusammenfassung 

Eisen ist ein essenzieller Mikronährstoff für Tiere und Pflanzen. Ein wichtiges Protein 

bei der Eisenaufnahme in Pflanzen ist der basic helix-loop-helix (bHLH) Transkriptionsfaktor 

(TF) FER-LIKE IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR (FIT). Zusammen 

mit einem Interaktionspartner wie bHLH039 reguliert FIT die Gentranskription der 

Eisenaufnahmemaschinerie bei Eisenmangel hoch. Die Eisenaufnahme muss streng reguliert 

werden, um einen Mangel oder Überschuss zu vermeiden. Daher ist die Regulierung der FIT-

Aktivität ein wichtiger Schritt, um die Aufnahme auszugleichen. Es wurde vorgeschlagen, dass 

FIT in zwei Pools innerhalb der Zelle existiert, einem aktiven und einem inaktiven Pool, aber 

die FIT-Regulierung wurde hauptsächlich im Zusammenhang mit Proteinumsatz beschrieben. 

Daher ist eine wichtige zu beantwortende Frage, wie FIT aktiviert und deaktiviert wird, um die 

Eisenaufnahme zu regulieren. Die Identifizierung einer Proteinkinase, die mit FIT interagiert, 

eröffnete die Möglichkeit, dass FIT phosphoryliert wird. Daher war ein Ziel dieser Arbeit, den 

Einfluss der Phosphorylierung auf die FIT-Aktivität zu untersuchen. Abgesehen davon stand 

die subzelluläre Lokalisierung von FIT und anderen an der Eisenaufnahme beteiligten TF 

kaum im Fokus der Forschung, wodurch wertvolle Informationen auf einer zusätzlichen 

regulatorischen Ebene ausgelassen wurden. Ein weiteres Ziel war es daher, die subzelluläre 

Lokalisation von TF, die an der Regulation der Eisenaufnahme beteiligt sind, genauer zu 

untersuchen. 

In meiner Dissertation habe ich dazu beigetragen zu zeigen, dass die FIT-Aktivität dual 

über Phosphorylierung reguliert wird. Ser271/272 wurde als wichtige Phosphorylierungsstelle 

für die FIT-Aktivierung identifiziert, und ich konnte zeigen, dass nach Mutation zu einer nicht 

phosphorylierbaren FIT-Form, das mutierte FIT im Vergleich zu Wildtyp-FIT eine reduzierte 

Homo- und Heterodimerisierung mit bHLH039 zeigte. Die nicht phosphorylierbare FIT-Form 

war nicht in der Lage, mutante fit-Pflanzen zu komplementieren und zeigte eine veränderte 

Lokalisierung und Proteinmobilität. Des Weiteren sagten wir andere Phosphorylierungsstellen 

voraus und zeigten, dass die Phosphorylierung von Tyrosinresten FIT deaktivierte und zu 

einem proteasomalen Abbau führte. Phosphorylierungsnachahmende Tyrosin-Mutanten 

zeigten eine veränderte Lokalisierung, Proteinmobilität und Promotor-

Transaktivierungsaktivität. Auch hier konnte ich zeigen, dass FIT Mutanten eine veränderte 

Homo- und Heterodimerisierungsfähigkeit mit bHLH039 im Vergleich zu Wildtyp-FIT 

aufwiesen. 

Die Regulierung der Eisenaufnahme könnte auf subzellulärer Ebene weiter verfeinert 

werden. Als Ergebnis einer umfangreichen Mikroskopiestudie identifizierte ich, dass bHLH039 

in Abhängigkeit von FIT nukleozytoplasmatisch partitioniert war. In Abwesenheit von FIT 

wurde bHLH039 in zytoplasmatischen Foci zurückgehalten. Mit FIT lokalisierte bHLH039 im 

Zellkern. Außerdem fand ich heraus, dass FIT bei einem Lichtreiz im Zellkern kondensierte. 

Die Bildung dieser Kernkörperchen fungierte als Zentrum für die FIT Homo- und 
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Heterodimerisierung mit bHLH039. Zusätzlich wiesen Kolokalisierungsstudien auf eine 

mögliche transkriptionelle oder post-transkriptionelle Funktion dieser FIT-Kernkörperchen hin. 

Diese Arbeit bietet detaillierte Einblicke in die Feinjustierung der FIT-Aktivität über eine 

duale post-translationale Regulation in Form von Phosphorylierung und deckt die dynamische 

subzelluläre Lokalisierung von FIT und seinem Interaktionspartner bHLH039 auf. 
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4 Introduction 

4.1 Importance of iron for humans and plants 

The micronutrient iron (Fe) is of high importance for human and plant health. In 

humans, iron deficiency is the most common nutritional disorder worldwide 

(http://www.who.int/nutrition/topics/ida/en/; Stoltzfus, 2001; McLean et al., 2008; Abbaspour et 

al., 2014). Especially women and children are in high need of iron for proper development and 

body function but also a geographical prevalence for higher risk of suffering from iron 

deficiency is observed (McLean et al., 2008). Symptoms of iron deficiency are e.g., fatigue, 

paleness, brittle nails, hair loss, irritability, and most prominently anemia (Al-Fartusie and 

Mohssan, 2017; DeLoughery, 2017). Most iron is incorporated in hemoglobin as part of 

erythrocytes (Hentze et al., 2004; Al-Fartusie and Mohssan, 2017). Speaking of the worldwide 

population, the main source of iron is a plant-based diet. In countries with a low diet diversity, 

iron malnutrition is hard to overcome (Naranjo Arcos and Bauer, 2016). Therefore, 

understanding iron uptake, distribution, and storage in plants is crucial for future biofortification 

to battle iron deficiency (Bouis et al., 2011; Briat et al., 2015; Connorton and Balk, 2019). 

Iron deficiency has equally severe consequences on plant vitality as on human health. 

Plants lacking iron have reduced biomass and are chlorotic, since iron is abundantly present 

in chloroplasts, with about 80% of total cellular content (Hänsch and Mendel, 2009; Nouet et 

al., 2011; Briat et al., 2015; López-Millán et al., 2016). Besides, iron is important for the 

respiratory chain in mitochondria (Nouet et al., 2011), where also co-factors for enzymatic 

reactions are synthesized, such as heme and iron-sulfur clusters (Balk and Pilon, 2011; Jain 

and Connolly, 2013; Balk and Schaedler, 2014; Briat et al., 2015). Iron deficiency triggers 

changes in gene expression (Mai et al., 2016; Schwarz and Bauer, 2020) and morphological 

changes of the root (Marschner et al., 1989; Schmidt, 1999; Giehl et al., 2013; Li et al., 2016a). 

Still, as harmful as iron deficiency is for a plant, excess iron affects the plant as well. Bronzing 

of the leaves and cell damage is the consequence of iron overaccumulation because iron 

participates in the Fenton reaction generating reactive oxygen species (Hell and Stephan, 

2003; Sperotto et al., 2010; Balk and Pilon, 2011; Distéfano et al., 2021). To avoid that, iron is 

present in chelates, such as citrate chelates (xylem) or nicotianamine chelates (phloem) 

(Durrett et al., 2007; Schuler et al., 2012), and is quickly stored in the vacuole or the apoplast 

(Kobayashi et al., 2019a). Therefore, iron uptake must be tightly controlled.  

Even though iron is a highly abundant element in the earth’s crust (Wedepohl, 1995), 

its uptake is a challenge for plants because of its low soluble state in the soil. At neutral pH, 

iron is mainly present in its oxidized, ferric form (Fe3+) and trapped in complexes not available 

to the plant, and even more so in calcareous and alkaline soil (Römheld and Marschner, 1986b; 

Guerinot and Yi, 1994). In the light of global warming and the progressive calcification of the 

soil, it is a major challenge to develop crops that can overcome these unfavorable soil 

conditions and take up iron efficiently. 
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4.1.1 Iron uptake in plants 

Plants have evolved two iron uptake strategies that aim to make iron bioavailable for 

uptake (Marschner et al., 1986; Guerinot and Yi, 1994). Strategy I is a reduction-based uptake 

strategy employed by non-grasses, e.g., Arabidopsis thaliana (Arabidopsis) and Solanum 

lycopersicum (tomato). Strategy II is a chelation-based strategy and utilized by the Poacea 

family (grasses), e.g., Zea mays (maize), Oryza sativa (rice), and Hordeum vulgare (barley) 

(Römheld and Marschner, 1986b; Römheld, 1987; Marschner and Römheld, 1994; Kobayashi 

and Nishizawa, 2012; Martín-Barranco et al., 2021). Despite their differences, a strict 

separation of the two strategies cannot be made since Strategy I plant utilize chelation of iron 

as well (Rodriguez-Celma et al., 2013; Fourcroy et al., 2014; Schmid et al., 2014), and 

Strategy II plants express orthologues of Strategy I uptake genes (Eide et al., 1996; Bughio et 

al., 2002; Ishimaru et al., 2006; Lee and An, 2009; Sun et al., 2013; Li et al., 2015). Especially 

for rice a combination of both strategies due to its special growth under flooding conditions is 

proposed (Ishimaru et al., 2006; Wairich et al., 2019; Martín-Barranco et al., 2021). 

4.1.1.1 Strategy I – reduction-based iron uptake strategy 

Strategy I underlies a three step-based reduction process of iron (Figure 1). As a first 

step, the plasma membrane-localized proton extrusion pump ARABIDOPSIS H+-ATPASE2 

(AHA2) acidifies the soil by pumping H+ into the rhizosphere. The acidification releases iron 

from insoluble complexes and solubilizes it (Santi and Schmidt, 2009). An additional step of 

iron chelation by phenolic compounds of the coumarin class (scopoletin, esculetin, sideretin, 

and fraxetin), traps iron and facilitates the solubilization (Römheld and Marschner, 1983; 

Rodriguez-Celma et al., 2013; Fourcroy et al., 2014; Schmid et al., 2014; Clemens and Weber, 

2016; Sisó-Terraza et al., 2016; Tsai and Schmidt, 2017; Rajniak et al., 2018; Tsai et al., 2018). 

This is mediated by the transporter PLEIOTROPIC DRUG RESISTANCE9 (PDR9, or ATP-

BINDING CASSETTE G37 (ABCG37)). Secondly, the plasma membrane bound FERRIC 

REDUCTASE-OXIDASE2 (FRO2) enzyme reduces Fe3+ to ferrous iron (Fe2+; Yi and Guerinot, 

1996; Robinson et al., 1999). In a final step, the plasma membrane localized divalent cation 

transporter and transceptor IRON REGULATED TRANSPORTER1 (IRT1) takes up Fe2+ into 

root epidermal cells (Eide et al., 1996; Guerinot, 2000; Varotto et al., 2002; Vert et al., 2002; 

Dubeaux et al., 2018; Cointry and Vert, 2019). IRT1 transports also other divalent metals like 

cadmium (Cd), cobalt (Co), manganese (Mn), and zinc (Zn) (Korshunova et al., 1999; 

Henriques et al., 2002; Lee and An, 2009). AHA2, FRO2, and IRT1 form a complex at the 

plasma membrane (Martín-Barranco et al., 2020), most likely for an efficient iron uptake. 

4.1.1.2 Strategy II – chelation-based iron uptake strategy 

The main difference between Strategy I and Strategy II is the utilization of 

phytosiderophores as chelators for trapping iron. The efflux transporter TRANSPORTER OF 

MUGINEIC ACID1 (TOM1) releases phytosiderophores, such as mugineic acid (Takagi et al., 
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1984; Römheld and Marschner, 1986a; Nozoye et al., 2011). Chelated Fe3+ is taken up into 

the epidermal root cell via a proton-coupled transporter YELLOW STRIPE1 (ZmYS1), e.g., in 

maize (Curie et al., 2001; Schaaf et al., 2004), and homologues of YS1, YELLOW STRIPE1-

LIKEs (OsYSLs) in rice (Inoue et al., 2009), and (HvYSLs) in barley (Murata et al., 2006; Araki 

et al., 2011). 

Figure 1. Strategy I – reduction-based iron uptake strategy. 

Iron uptake strategy of Arabidopsis thaliana. The uptake takes place in epidermal root cells following 

several individual steps. Iron is trapped in insoluble complexes within the soil. Excretion of protons via 

ARABIDOPSIS H+-ATPASE2 (AHA2) acidifies the rhizosphere and solubilizes ferric iron (Fe3+). Additionally, 

PLEIOTROPIC DRUG RESISTANCE9 (PDR9, or ATP-BINDING CASSETTE G37 (ABCG37)) secretes coumarins 

to chelate Fe3+ and further solubilizes it. FERRIC REDUCTASE-OXIDASE2 (FRO2) reduces Fe3+ to ferrous iron 

(Fe2+). Fe2+ is finally taken up via IRON REGULATED TRANSPORTER1 (IRT1). The upregulation of FRO2, IRT1, 

and necessary proteins for coumarin biosynthesis occurs upon iron deficiency and is regulated via a heterodimer 

of basic helix-loop-helix (bHLH) transcription factors (TFs) FER-LIKE IRON DEFICIENCY-INDUCED 

TRANSCRIPTION FACTOR (FIT) and bHLH038/bHLH039, described in the following in 4.1.2. Figure created with 

BioRender.com. 

4.1.2 Transcriptional regulation of iron uptake 

To regulate iron uptake, an extensive signaling cascade of basic helix-loop-helix 

(bHLH) transcription factors (TFs) is active (Figure 2; Heim et al., 2003; Gao et al., 2019). 

BHLH TFs are conserved TFs present in animals and plants (Murre et al., 1989; Heim et al., 

2003; Pires and Dolan, 2010), and the third largest group of TFs behind MYB and 

APETALA2/ethylene responsive element binding protein (AP2/EREBP) TFs in Arabidopsis 

(Riechmann et al., 2000). They consist of a basic N-terminal DNA-binding domain and a helix-
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loop-helix (HLH) domain for interaction with other bHLH TFs and usually function as dimers in 

order to bind to DNA (Ferré-D’Amaré et al., 1993; Ma et al., 1994; Shimizu et al., 1997; Heim 

et al., 2003; Toledo-Ortiz et al., 2003). In Arabidopsis, bHLH TFs are organized in groups and 

subgroups according to structural similarities (Heim et al., 2003). 

Starting at the most upstream position in the Arabidopsis signaling cascade, 

UPSTREAM REGULATOR OF IRT1 (URI, or bHLH121, subgroup IVb) interacts under iron 

deficiency with the members of subgroup IVc, namely bHLH034, bHLH104, bHLH105 (or IAA-

LEUCINE RESISTANT3 (ILR3)), and bHLH115 (Kim et al., 2019; Gao et al., 2020; Lei et al., 

2020). Subgroup IVc is functionally redundant and regulates the transcription of subgroup Ib 

and POPEYE (PYE, subgroup IVb; Zhang et al., 2015; Li et al., 2016b; Liang et al., 2017; Kim 

et al., 2019; Gao et al., 2020). PYE is a TF involved in control of iron homeostasis and 

translocation (Long et al., 2010). The homo- and heterodimerization of members of subgroup 

IVc and PYE is an important part of the regulatory cascade (Long et al., 2010; Selote et al., 

2015; Zhang et al., 2015; Li et al., 2016b; Liang et al., 2017; Samira et al., 2018; Tissot et al., 

2019). With bHLH11 (subgroup IVb), transcription of subgroup Ib via subgroup IVc can be 

repressed (Li et al., 2022). Subgroup Ib consist of bHLH038, bHLH039, bHLH100, and 

bHLH101 (Wang et al., 2007). Even though these TFs show redundancy (Wang et al., 2007, 

2013), they are not entirely redundant. bHLH038 and bHLH039 are involved in the upregulation 

of the iron uptake machinery, specifically FRO2 and IRT1 (Yuan et al., 2008; Wang et al., 

2013), while bHLH100 and bHLH101 are involved in the distribution of iron and do not regulate 

FRO2 or IRT1 (Sivitz et al., 2012). Function of bHLH038 and bHLH039 within the upregulation 

of the iron uptake machinery is only possible in dimerization with the essential TF FER-LIKE 

IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR (FIT, subgroup IIIa; Colangelo 

and Guerinot, 2004; Jakoby et al., 2004; Yuan et al., 2005; Bauer et al., 2007; Yuan et al., 

2008; Wang et al., 2013) as an iron uptake module, supporting once more the importance of 

dimerization of bHLH TFs for their functionality. 

Between Arabidopsis and the Strategy II plant rice this extensive iron uptake regulating 

network is largely conserved (Kobayashi, 2019). Among the bHLH TFs in Arabidopsis, many 

orthologues in rice were identified, e.g., OsbHLH057, OsbHLH058, OsbHLH059, and 

OsbHLH060 (or POSITIVE REGULATOR OF IRON HOMEOSTASIS1 (OsPRI1)) as 

orthologues of subgroup IVc (Zhang et al., 2017; Kobayashi et al., 2019b), IRON-RELATED 

BHLH TRANSCRIPTION FACTOR3 (OsIRO3) as orthologue of PYE (Zheng et al., 2010), 

OsIRO2 as orthologue of subgroup Ib (Ogo et al., 2007), and OsbHLH156 as orthologue of 

FIT (Wang et al., 2020). 

4.1.2.1 Transcriptional regulation of FIT 

Work on the TF FER in tomato (Ling et al., 2002; Brumbarova and Bauer, 2005) led to 

the identification of the homologue FIT in Arabidopsis. FER is upregulated under iron-deficient 

conditions (Brumbarova and Bauer, 2005) and fer loss-of-function mutants show chlorosis and 
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die without additional iron supply (Ling et al., 2002). Similarly, fit loss-of-function mutants are 

chlorotic and FIT is upregulated under iron deficiency (Jakoby et al., 2004; Colangelo and 

Guerinot, 2004). FIT is mainly expressed in the root and FIT promoter is active in epidermal 

cells of the differentiation and elongation root zone, central cylinder and also in lateral roots 

(Colangelo and Guerinot, 2004; Jakoby et al., 2004). Many genes involved in iron uptake are 

regulated in a FIT-dependent manner, especially FRO2 and IRT1 (Figure 2; Colangelo and 

Guerinot, 2004; Jakoby et al., 2004; Ivanov et al., 2012; Sivitz et al., 2012; Schmid et al., 2014; 

Mai et al., 2015, 2016; Schwarz and Bauer, 2020). FIT, and subgroup Ib TFs, are upregulated 

in an iron-deficient manner (Colangelo and Guerinot, 2004; Jakoby et al., 2004; Wang et al., 

2007; Naranjo-Arcos et al., 2017). FIT itself is regulated transcriptionally by itself and the FIT-

bHLH039 heterodimer (Wang et al., 2007; Naranjo-Arcos et al., 2017). Apart from repressing 

transcription of subgroup Ib, bHLH11 also represses FIT expression (Tanabe et al., 2019; Li 

et al., 2022). FIT transcription levels are also reduced in Mediator complex subunit mutants 

under iron deficiency (Yang et al., 2014). 

Transcriptional regulation of FIT is also influenced by other regulatory cascades 

(Figure 2). Briefly, auxin, nitric oxide, and ethylene application under iron deficiency are a 

positive regulator of FIT expression (Lucena et al., 2006; Chen et al., 2010; García et al., 2010; 

Yang et al., 2013), while jasmonic acid, cytokinin, and H2O2 have a negative effect on FIT 

expression (Séguéla et al., 2008; Le et al., 2016; Cui et al., 2018). Despite transcriptional 

control of FIT, FIT regulation mainly occurs on post-translational level and will be elucidated in 

section 4.1.3.1. 

4.1.3 Post-translational regulation of iron uptake 

Post-translational modifications are a versatile tool to finetune signaling cascades 

(Friso and Van Wijk, 2015; Millar et al., 2019; Yin et al., 2019; Han et al., 2022). This is also 

true for the regulation of iron uptake. Post-translational regulation can be found at different 

positions of the iron uptake signaling cascade (Figure 2), most prominently among them are 

ubiquitination and phosphorylation.  

The E3 ligase BRUTUS (BTS) targets URI/bHLH121 and members of the subgroup IVc 

for proteasomal degradation (Long et al., 2010; Selote et al., 2015; Kim et al., 2019). BTS 

homologue BRUTUS-LIKE1 (BTSL1; Hindt et al., 2017) is proposed to mediate subgroup IVc 

and PYE degradation (Lichtblau et al., 2022). In absence of subgroup IVc, subgroup Ib genes 

are not transcribed, hence iron uptake is negatively regulated. Two orthologues of BTS, 

HAEMERYTHRIN MOTIF-CONTAINING REALLY INTERESTING NEW GENE - AND ZINC-

FINGER PROTEIN1 and 2 (OsHRZ1/OsHRZ2), exist also in rice (Kobayashi et al., 2013). 

Depending on the concentration of different non-iron metals, IRT1 is monoubiquitinated by a 

RING E3 ubiquitin ligase IRT1 DEGRADATION FACTOR1 (IDF1) and degraded (Barberon et 

al., 2011; Shin et al., 2013). This mechanism avoids overaccumulation of iron and other non-

essential metals due to the poor selectivity of IRT1. Phosphorylation of IRT1 by CBL-
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INTERACTING PROTEIN KINASE23 (CIPK23) facilitates the degradation process by IDF1 

(Dubeaux et al., 2018), and is additionally shown to reduce FRO2 activity (Tian et al., 2016). 

Phosphorylation is also observed for URI/bHLH121. Phosphorylated URI/bHLH121 is 

accumulated under iron-deficient conditions and proposed to be the form of URI/bHLH121 that 

interacts with subgroup IVc. In turn, under iron-sufficient conditions, phosphorylated 

URI/bHLH121 is targeted for degradation by BTS (Kim et al., 2019). A combination of both 

activation and deactivation via phosphorylation by the calcium-dependent protein kinase 

CIPK11 is observed for AHA2 (Fuglsang et al., 2007, 2014). 

4.1.3.1 Post-translational regulation of FIT 

FIT protein stability is widely subject to regulation, by either stabilizing or destabilizing 

the protein (Figure 2). Ethylene is produced under iron deficiency and the TFs ETHYLENE 

INSENSITIVE3 (EIN3) and ETHYLENE INSENSITIVE3-LIKE1 (EIL1) acting in the ethylene 

signaling pathway are proposed to stabilize FIT protein by direct interaction (Romera et al., 

1999; Lingam et al., 2011). By this, FIT is less prone to undergo proteasomal degradation, 

which has a positive effect on iron uptake regulation. Ethylene synthesis inhibitors as well as 

ein3 eil1 mutants have the opposite effect (Lingam et al., 2011). Additionally, EIN3/EIL1 

interact with a subunit of the Mediator complex, MED25, which in turn associates with MED16 

(Yang et al., 2014). MED16 interacts with FIT and can recruit the FIT-subgroup Ib heterodimer 

to the promoters of FRO2 and IRT1 under iron deficiency (Zhang et al., 2014b). Similar to 

ethylene, nitric oxide has also a stabilizing effect on FIT protein. In presence of nitric oxide, 

FIT does not undergo proteasomal degradation. Inhibitors of nitric oxide reduce FIT protein 

abundance and also FIT activity (Meiser et al., 2011). 

As suspected in Lingam et al. (2011) and Meiser et al. (2011), FIT undergoes 

proteasomal turnover. Under iron deficiency, FIT protein is accumulated but is also rapidly 

degraded. This is most likely the consequence of FIT target gene promoter binding and the 

‘used’ protein being removed, allowing a new FIT protein to bind (Sivitz et al., 2011). Recently, 

it was shown that FIT degradation is promoted by BTSL2 (Hindt et al., 2017) by 

polyubiquitination under iron-deficient conditions (Rodríguez-Celma et al., 2019), but the 

reported interaction of BTSL1 and BTSL2 with FIT in Rodríguez-Celma et al. (2019) could not 

be verified in the work of Lichtblau et al. (2022). bHLH TFs of the subgroup IVa, namely 

bHLH18, bHLH19, bHLH20, and bHLH25, interact with FIT and redundantly lead to FIT 

degradation in presence of jasmonic acid (Cui et al., 2018). Inhibition of the iron uptake 

machinery via protein interaction is also show in the gibberellin context. Gibberellin-regulated 

DELLA proteins interact with bHLH038, bHLH039, and FIT, preventing the proteins from 

associating with the target gene promoters (Wild et al., 2016). Similarly, ZINC FINGER OF 

ARABIDOPSIS THALIANA12 (ZAT12) is also trapping FIT in an interaction preventing it from 

action (Le et al., 2016). 
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Figure 2. Transcriptional and post-translational regulation of the iron signaling cascade with focus on FIT. 

Iron uptake is regulated through an extensive signaling cascade of basic helix-loop-helix (bHLH) 

transcription factors (TFs), which are divided into subgroups. Phosphorylated UPSTREAM REGULATOR OF IRT1 

(URI, or bHLH121, subgroup IVb) interacts with the members of subgroup IVc (bHLH034, bHLH104, bHLH105 (or 

IAA-LEUCINE RESISTANT3 (ILR3)), bHLH115) to transcriptionally upregulate subgroup Ib (bHLH038, bHLH039, 

bHLH100, bHLH101). bHLH11 (subgroup IVb) can repress subgroup Ib expression by repressing subgroup IVc 

activity. bHLH038/bHLH039 together with FER-LIKE IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR 

(FIT, subgroup IIIa) upregulate the expression of FERRIC REDUCTASE-OXIDASE2 (FRO2) and IRON 

REGULATED TRANSPORTER1 (IRT1). FIT alone and together with bHLH039 can upregulate its own transcription. 
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FIT transcription is promoted by auxin, nitric oxide, and ethylene, and repressed by bHLH11, jasmonic acid, H2O2, 

and cytokinin. FIT protein stability is promoted by nitric oxide, and ethylene via ETHYLENE INSENSITIVE3 (EIN3) 

and ETHYLENE INSENSITIVE3-LIKE1 (EIL1), and destabilized by H2O2 via ZINC FINGER OF ARABIDOPSIS 

THALIANA12 (ZAT12), gibberellin via DELLA proteins, and jasmonic acid via subgroup IVa (bHLH18, bHLH19, 

bHLH20, bHLH25). E3 ligase BRUTUS (BTS) targets URI/bHLH121 and subgroup IVc for proteasomal degradation, 

while BTS homologues BRUTUS-LIKE1 and BRUTUS-LIKE2 (BTSL1/BTSL2) might negatively regulate subgroup 

IVc and FIT, respectively. Figure created with BioRender.com. 

FIT is regulated differently from its target genes. While e.g., FRO2 and IRT1 are 

transcribed during the light period, FIT is transcribed during the night (Vert et al., 2003; Santi 

and Schmidt, 2009). This suggests that FIT protein is available during the light period and 

therefore the regulation of FIT should rather occur on the post-translational level. This perfectly 

makes sense considering that fast adjustment of iron uptake is needed either to upregulate 

iron uptake and ensure iron nutrition, but also to downregulate iron uptake to avoid 

overaccumulation. Hence, de novo synthesis of FIT protein may be too time consuming to 

keep up with the rapid environmental changes. Protein turnover is a way to regulate FIT protein 

abundance, but it is not clear how FIT activity is regulated before degradation. Thus, finetuning 

of FIT regulation still remains unclear. 

4.1.4 Long distance signaling in iron uptake 

As sink and source tissue are physiologically distinct, plants must have a way to signal 

iron demand in the shoot and upregulate iron uptake in the root. Split-root assays and grafting 

experiments already showed that such a signal exists, but it remains unclear what kind of 

signaling is coupling demand and acquisition. Local and systemic signals promote a response 

by the iron uptake machinery (Vert et al., 2003; Kumar et al., 2017; Nguyen et al., 2022), but 

the actual long distance signal is not known. Proposed candidates are oxygen/redox status, 

heme, iron sulfur cluster, phloem mobile iron and nicotianamine (Kobayashi and Nishizawa, 

2014). In fact, phloem levels of iron seem to be important for a proper communication of shoot 

and root iron status. When phloem is loaded with iron, no iron uptake takes place. In this, 

OLIGOPEPTIDE TRANSPORTER3 (OPT3) is important for proper shoot-to-root signaling and 

translocation of iron (Stacey et al., 2008; García et al., 2013, 2018; Zhai et al., 2014; Khan et 

al., 2018). Recently, evidence of involvement of small effector proteins in shoot-to-root iron 

signaling is rising (Grillet et al., 2018; Hirayama et al., 2018; Li et al., 2021; Kobayashi et al., 

2021; Lichtblau et al., 2022). 

Since light is one the most fundamental environmental cues, it is not surprising that it 

is the input for many molecular mechanisms. To adjust the uptake of nutrients according to 

changes in light and thereby to plant need is a way to avoid deficiency or toxicity of the 

respective nutrient. Calcium (Ca), copper (Cu), and magnesium (Mg) homeostasis are 

influenced by light and also the circadian clock (Dalchau et al., 2010; Hermans et al., 2010; 

Zhang et al., 2014a; Perea-García et al., 2016; de Melo et al., 2021; Rivière et al., 2021; Xu et 
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al., 2022). In case of iron, several studies previously showed that expression or transcript 

abundancies of BHLH039, FRO2, IRT1, and AHA2 are under diurnal or circadian clock 

regulation or altered by a shoot-borne signal (Vert et al., 2003; Santi and Schmidt, 2009; Hong 

et al., 2013; Xu et al., 2019). Also, the circadian period of clock components is lengthened 

under iron deficiency, in dependency with iron concentration, or in iron uptake-deficient 

mutants (Chen et al., 2013; Hong et al., 2013; Salomé et al., 2013). In turn, promoter activity 

of BHLH039 and IRT1 cycles in continuous light, similar to clock components (Hong et al., 

2013). Chloroplasts, as major iron sinks, must have a way communicate their iron need. 

Therefore, they are thought to be responsible for the lengthening of the circadian period under 

iron deficiency to ensure iron uptake (Chen et al., 2013). Another study suggested that 

photoactivated phytochromes (phy) act as direct input on the circadian clock and through the 

induced photomorphogenesis, the chloroplast development creates an iron sink, but the exact 

signals to coordinate this remain unknown (Salomé et al., 2013; Tissot et al., 2014). In tomato, 

red light-activated phyB is responsible for accumulation of the basic leucine zipper (bZIP) TF 

ELONGATED HYPOCOTYL5 (HY5) and its movement to the root, where it induces the 

transcription of FER, by binding to the ACE motif of FER promoter (Guo et al., 2021). 

Interestingly, also FIT promoter has an ACE motif. Similarly, light mediated HY5 also acts as 

a long-distance signal for nitrate and phosphorus uptake (Chen et al., 2016; Sakuraba et al., 

2018). HY5 is also important for mediation of blue light regulated phosphate deficiency-induced 

primary root growth inhibition, and also here HY5 acts as a shoot-derived signal (Gao et al., 

2021). The same study also showed that iron accumulation is high under blue light in the apical 

meristem and decreases up to the elongation zone in Col-0 but is lowest in the cry1 cry2 and 

hy5 mutant. This makes the blue light photoreceptors cryptochrome1 and 2 (cry1/cry2) as well 

as HY5 possible candidates for signal mediation of light regulated iron uptake. Nevertheless, 

only little work was conducted in recent years to understand the connection between light and 

iron acquisition. 

4.2 Subcellular protein partitioning 

Post-translational modification is an important tool to regulate activation and 

deactivation of a protein. Nevertheless, the localization of a protein is also crucial for a 

functioning signal transduction (Meier and Somers, 2011; Allen and Strader, 2021). Finetuning 

of protein activity can be achieved by a changing localization between two cell compartments. 

Such an example is nucleocytoplasmic partitioning. Three possible ways to achieve this 

partitioning are described (combinations are possible): (i) protein modification or 

conformational change unmasking a nuclear localization signal (NLS) or nuclear export signal, 

(ii) heterocomplex formation that allows a protein to follow the interactors’ relocation or remain 

in cytoplasm or nucleus via interaction, and (iii) retention in cytoplasm via membrane 

association and release by proteolysis (Meier and Somers, 2011; Allen and Strader, 2021). An 

example for conformational change is the relocation of photoreceptor phyB from the cytoplasm 
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into the nucleus. phyB is abundantly present in the cytoplasm in darkness. Light illumination 

leads to the release of the N- and C-terminal interaction within the protein, exposing the NLS 

and shuttling phyB into the nucleus (Chen et al., 2005). PhyA, on the other hand, requires an 

interaction partner. The small proteins FAR-RED ELONGATED HYPOCOTYL1 (FHY1) and 

FAR-RED ELONGATED HYPOCOTYL-LIKE (FHL) possess a phyA-binding domain and an 

NLS. Also here depending on light illumination, FHY1 and phyA interact and are translocated 

together into the nucleus due to the NLS of FHY1 (Hiltbrunner et al., 2005, 2006; Rösler et al., 

2007; Genoud et al., 2008). An example for retention at a membrane with proteolysis is 

ETHYLENE INSENSITIVE2 (EIN2). EIN2 is located at the endoplasmic reticulum membrane. 

Ethylene-triggered dephosphorylation of EIN2 leads to C-terminal cleavage and EIN2 can 

enter the nucleus and positively act on target gene transcription (Ju et al., 2012; Qiao et al., 

2012; Wen et al., 2012). More examples for nucleocytoplasmic partitioning exist in hormone, 

temperature, and pathogen signaling. 

A lot of effort was put in understanding of iron uptake regulation in plants but subcellular 

distribution of the key players within iron uptake was barely in focus up to now, even though 

finetuning of subcellular localization could be an additional form of regulation. Therefore, an 

open question remains how the precise localization of TFs involved in iron uptake could be 

dictating TF function (Gao et al., 2019). Slowly, evidence of nucleocytoplasmic partitioning 

within iron uptake regulation is rising. Two studies demonstrated that subgroup IVc proteins 

alter the localization of two other bHLH TFs. URI/bHLH121 has a dual localization in cytoplasm 

and nucleus but changes to a nuclear localization when subgroup IVc proteins are present. It 

is also observed that URI/bHLH121 has a dual localization under iron-sufficient conditions and 

localizes to nucleus, only, under iron-deficient conditions. This nuclear localization could be 

facilitated by the interaction with subgroup IVc proteins, as subgroup IVc proteins are 

upregulated under iron deficiency (Lei et al., 2020). Also bHLH11, the closest homologue of 

URI/bHLH121, has a dual localization in cytoplasm and nucleus and shows a nuclear-only 

localization upon interaction with the subgroup IVc proteins. This allows the inhibition of 

subgroup IVc proteins and the downregulation of subgroup Ib genes and consequently iron 

uptake (Li et al., 2022). Interestingly, in parallel to this thesis, change of subcellular localization 

of bHLH039 orthologue OsIRO2 in rice was observed. The orthologue of FIT, OsbHLH156, 

has a nuclear localization (Wang et al., 2020), and the presence of OsbHLH156 changes the 

cytoplasmic localization of IRO2 to a nuclear localization (Liang et al., 2020; Wang et al., 2020). 

4.2.1 Condensation 

Cellular organization is a fundamental and highly sophisticated part of cell function. 

Enclosed regions within the cell enable separated biochemical reaction and are essential for 

cell functioning. Transcription in the nucleus, translation in the cytosol, degradation, and 

subsequent recycling in the endosomal compartments display a functioning eukaryotic cell. 

For a long time, membrane-separated organelles were in focus in terms of cellular 
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organization. With the advancement of microscopy, further compartments were identified, 

namely (biomolecular) condensates. These condensates are widely diversified membraneless 

subcompartments. Their occurrence in mammalian and plant field underlines their suggested 

ancient nature of further compartmentalization of the cell, creating microenvironments for 

interaction and signaling, and displaying another level of regulatory mechanism (Emenecker 

et al., 2020). Examples of combined nucleocytoplasmic partitioning and condensation only 

begin to show the possibilities of how these two cellular organizations can act hand in hand 

(Powers et al., 2019; Allen and Strader, 2021; Jing et al., 2022). 

Condensates can be of dynamic or stable nature. Their formation can occur as phase 

separation, meaning a solution separating into two or more phases (Emenecker et al., 2020). 

This can happen as liquid-liquid phase separation (LLPS). LLPS is a rather dynamic 

condensate formation with dynamic protein exchange. The liquid state can further undergo a 

phase transition into a gel-like state, an intermediate state, that can lead to a final solid-like 

state. Solid-like condensates occur as stable compartments, rather associated with terminated 

reactions, degradation, or diseases (Shin et al., 2017). Experimentally, these properties can 

be assessed by testing the dynamics of protein exchange and morphology of the condensates 

(Shin et al., 2017; Weber, 2017). 

A prerequisite for proteins to localize in condensates is multivalency, the ability to form 

numerous interactions. Proteins that have many interaction partners also often have 

intrinsically disordered regions (IDRs) or are intrinsically disordered proteins, which favor a 

flexible protein structure and by this enable multiple interactions (Tarczewska and Greb-

Markiewicz, 2019; Emenecker et al., 2020). To note, an intrinsically disordered protein or a 

protein with IDRs does not necessarily have to localize in condensates. Within IDRs, the amino 

acid composition is an important feature that has influence on the morphology and dynamics 

of condensates (Powers et al., 2019; Emenecker et al., 2021; Huang et al., 2022). The 

regulation of condensate formation can occur within these IDRs, e.g., via post-translational 

modifications such as phosphorylation (Owen and Shewmaker, 2019). In the formation of 

condensates, some proteins can act as scaffolds, meaning these proteins are driving the 

formation of condensates. Other proteins may act as clients, meaning that these proteins are 

not essential for the formation but are localizing in condensates (Banani et al., 2017). 

4.2.2 Condensation in plants 

In general, condensation in plants is less well studied compared to the mammalian 

field. Still, this topic has advanced a lot in the past years and evidence is provided that many 

plant proteins undergo condensation. As plants are exposed to constant environmental 

changes, condensates could provide a way to spatially concentrate cell components by 

creating a hub for action when needed (Meyer, 2020). One can distinguish between several 

condensate types that have a particular function in the cell. Animals and plants share 

condensate types, but also possess animal- or plant-specific condensates. Partly, proteins that 
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undergo condensation are identified, but the condensate type is not specified. These 

condensates are often named after the protein itself. Condensates are mainly found in 

cytoplasm and nucleus. The following sections will briefly introduce selected condensates 

found in plants (Figure 3). 

4.2.2.1 Cytoplasmic condensates 

Processing bodies (P-bodies, also found in animals), repress translation and are 

responsible for mRNA decay (Parker and Sheth, 2007). They are ribonucleoprotein (RNP, 

RNA-protein complexes) granules. Their composition is mRNA, proteins repressing 

translation, proteins involved in 5’-to-3’ mRNA decay, decapping, RNA modifying enzymes, 

and RNA binding proteins (Maldonado-Bonilla, 2014; Luo et al., 2018). In animals, P-bodies 

are described as dynamic condensates and their formation is shown to occur via LLPS 

(Kedersha et al., 2005; Kroschwald et al., 2015; Riback et al., 2020). Post-translational 

modifications, such as phosphorylation and ubiquitination, are a possible way to regulate P-

body formation (Chiang et al., 2013; Tenekeci et al., 2016). 

Stress granules (SGs, also found in animals), appear upon a stress stimulus (e.g., heat 

and salt stress) and are of transient nature. During stress, they arrest translation, but unlike P-

bodies, their reinstall translation after overcoming stressful conditions. Components of SGs 

therefore are mRNA, RNA-binding proteins, non-RNA-binding proteins, and factors for 

translation initiation (Protter and Parker, 2016). Because of their overlapping functions, SGs 

share some components with P-bodies (Kedersha et al., 2005). Also for SGs, LLPS is a 

suggested formation process in animals (Kedersha et al., 2005; Riback et al., 2020), and post-

translational modification a suggested assembly and disassembly control (Cao et al., 2020). 

4.2.2.2 Nuclear condensates 

The most prominent and essential component of the nucleus and condensate is the 

nucleolus (also found in animals). It harbors ribosomal DNA and RNA and is mainly site of 

ribosomal DNA transcription, ribosomal RNA processing, and ribosome biogenesis (Kalinina 

et al., 2018; Lafontaine et al., 2021). Additional proteins involved in splicing and RNA 

modification (e.g., small nucleolar and small nuclear RNPs) are also found in the nucleolus, 

indicating also possible other functions (Shaw and Brown, 2004; Pendle et al., 2005; Shaw 

and Brown, 2012; Ohtani, 2018). The nucleolus is further divided into subcompartments, that 

are not well studied (Shaw and Brown, 2004, 2012), but are liquid phases with different 

properties, making the nucleolus a multiphase condensate that underlies LLPS (Brangwynne 

et al., 2011; Feric et al., 2016; Riback et al., 2020). In animals, dephosphorylation processes 

are important for proper nucleolus assembly (Lyon et al., 1997). 

One of the oldest known nuclear condensates are Cajal bodies (also found in animals). 

Cajal bodies are connected with the nucleolus and therefore share some of their components, 

like small nucleolar and small nuclear RNPs (Boudonck et al., 1999; Love et al., 2017; Trinkle-
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Mulcahy and Sleeman, 2017; Ohtani, 2018). The biogenesis of these components takes place 

in Cajal bodies and since these components are precursor forms of the slicing machinery, they 

are passed on the nucleolus and speckles (Sleeman and Lamond, 1999). An important protein 

for Cajal body formation, but not essential in plants, is coilin (Collier et al., 2006; Makarov et 

al., 2013). Phosphorylation of coilin influences Cajal body formation (Hearst et al., 2009). Since 

Cajal bodies are dynamic condensates, it is suggested, but not shown, that they form via LLPS 

(Neugebauer, 2017; Riback et al., 2020). Cajal bodies vary in number depending on cell type, 

cell cycle, and developmental stage (Boudonck et al., 1998, 1999). 

Another, and very diverse, type of condensates are speckles (also found in animals). 

Here, the splicing machinery is located (Reddy et al., 2012; Galganski et al., 2017). Parts of 

the splicing machinery are small nuclear RNPs and splicing factors, like the serine-arginine 

proteins (Lorković et al., 2004; Shaw and Brown, 2004). The high diversification of speckles 

most likely bears different tasks for the respective subtype (Lorković et al., 2008). 

Phosphorylation of serine-arginine proteins has an influence on both the protein dynamics and 

proper speckle formation (Ali et al., 2003; Reddy et al., 2012; Greig et al., 2020), which is 

shown in animals in form of LLPS (Xue et al., 2019; Greig et al., 2020). Speckles are also 

responsive to changes in temperature and transcription activity (Ali et al., 2003; Reddy et al., 

2012). 

Photobodies (PBs) are plant-specific condensates that are sites for photomorphogenic 

regulation via photoreceptors and involved proteins (Ronald and Davis, 2019; Pardi and 

Nusinow, 2021). The most prominent PBs contain the red/far-red light phytochrome 

photoreceptors and the bHLH TFs PHYTOCHROME INTERACTING FACTORs (PIFs). 

Photoactivated phytochromes are relocated from the cytoplasm into the nucleus and form PBs 

(Kircher et al., 2002; Chen et al., 2005; Hiltbrunner et al., 2005, 2006; Rösler et al., 2007; 

Genoud et al., 2008; Van Buskirk et al., 2012, 2014). Phytochromes form two types of PBs, a 

transient and a stable type (Kevei et al., 2007; Chen, 2008). One important task of PBs is PIF 

degradation that promotes photomorphogenic responses. This occurs upon interaction with 

phytochromes which in turn leads to PIF phosphorylation and ubiquitination (Bauer et al., 2004; 

Monte et al., 2004; Park et al., 2004; Shen et al., 2005, 2007; Al-Sady et al., 2006; Lorrain et 

al., 2008; Ni et al., 2013, 2017; Van Buskirk et al., 2014; Dong et al., 2017). Besides, also the 

blue light cryptochrome photoreceptors form PBs. Cryptochrome PBs are sites for proteasomal 

degradation of cryptochromes after photoactivation (Yu et al., 2009; Zuo et al., 2012) and for 

interaction with other proteins (Lian et al., 2011; Zuo et al., 2011, 2012; Wang et al., 2021). 

Recently, formation of cry2 PBs via LLPS was shown (Wang et al., 2021). Because of their 

direct responsiveness to external stimuli like light and temperature (and circadian clock), PBs 

are considered to translate this information into a developmental readout in form of gene 

regulation (Kaiserli et al., 2015; Meyer, 2020; Pardi and Nusinow, 2021). 
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Figure 3. Overview over selected condensates within a plant cell. 

Apart from cell organelles that are separated from other cellular compartments by a membrane (in the 

figure shown: nucleus, rough and smooth endoplasmic reticulum, Golgi apparatus, Golgi vesicles, mitochondria, 

peroxisomes, chloroplast, and vacuole), condensates without membranes coexist with organelles. These structures 

are microenvironments with particular tasks and can be found mainly in cytoplasm and nucleus. Cytoplasmic 

condensates are e.g., processing bodies (P-bodies) for repression of translation, and stress granules (SGs) for 

translation initiation after stressful conditions. Nuclear condensates are e.g., cryptochrome or phytochrome 

photobodies (PBs) for photomorphogenesis and gene regulation, nucleoli for ribosome biogenesis, Cajal bodies for 

biogenesis of precursor forms of the splicing machinery, and speckles for splicing. Figure created with 

BioRender.com. 

Creating microenvironments for a fast regulation of molecular mechanisms could 

display an adaptation of plants to an ever-changing environment. In total 6% of all Arabidopsis 

proteins are TFs (Riechmann et al., 2000). Interestingly, they are enriched in IDRs (Salladini 

et al., 2020; Strader et al., 2022). Vertebrate, invertebrate, and plant bHLH TFs all possess 

IDRs as well, so a flexible protein sequence is a conserved feature of bHLH TFs (Tarczewska 

and Greb-Markiewicz, 2019; Salladini et al., 2020). Although transcriptional regulation within 

plant condensates is a proposed and also shown function (Kaiserli et al., 2015; Pardi and 

Nusinow, 2021; Huang et al., 2022), condensation of TFs is a relatively poorly examined but 

slowly rising topic (Khan et al., 2014; Perez et al., 2019; Burkart et al., 2022; Huang et al., 

2022; Shuai et al., 2022). Especially in the context of nutrition, information on TF condensation 

is lacking. 
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5 Thesis objectives 

Even though it must display a crucial step in the iron uptake regulation, it is not clear 

how FIT activity is modulated apart from protein turn-over. A pool of active and inactive FIT is 

proposed (Lingam et al., 2011; Meiser et al., 2011; Sivitz et al., 2011), but how is the finetuning 

of FIT activation or deactivation occurring in detail? Our group identified the calcium-dependent 

protein kinase CIPK11 as an interacting partner of FIT. This indicates a potential involvement 

of post-translational modification in form of phosphorylation on FIT. Despite the extensive work 

on molecular and physiological aspects of iron uptake, only little to no information exists on the 

subcellular localization of the involved TFs. Since subcellular localization dynamics can be a 

way of finetuning molecular regulation, what are the subcellular localization and dynamics of 

TFs involved in iron uptake? Therefore, two main objectives guided my work: 

1. Examine the influence of phosphorylation on the iron uptake module FIT-bHLH039 

The FIT-bHLH039 heterodimer is an important regulatory module for iron uptake. A 

possible activation and deactivation of FIT will most likely influence the action of this module 

and thereby alter iron uptake. It was therefore of interest to investigate how the possibility of 

FIT phosphorylation could influence FIT interaction. For this, phospho-mutant forms of FIT 

were tested for their capacity to homo- and heterodimerize with bHLH039. This question was 

assessed with fluorescence resonance energy transfer-after photobleaching (FRET-APB) 

measurements and partly by bimolecular fluorescence complementation (BiFC) microscopy. 

2. Decipher the subcellular localization of the iron uptake module FIT-bHLH039 

Subcellular localization, and especially changes in subcellular localization, can alter the 

regulation of molecular processes. As no information on FIT and bHLH039 was available, it 

was of interest to investigate their subcellular localization in detail and to close this gap of 

knowledge. To examine this, an initial extensive microscopy study on the subcellular 

localization of FIT and bHLH039 was conducted. The observations made in this initial work 

revealed that (i) bHLH039 showed nucleocytoplasmic partitioning depending on FIT, and that 

(ii) FIT formed condensates in the nucleus, short nuclear bodies (NBs). Firstly, 

nucleocytoplasmic partitioning of bHLH039 was examined. To understand the importance of 

FIT on bHLH039 localization, bHLH039 localization was examined in different expression 

systems, alone or in combination with FIT, and quantification of microscopy and biochemical 

data was performed to verify the observations. Secondly, characterization and assignment of 

a function to FIT NBs was performed. FIT NBs were examined in different expression systems. 

To characterize FIT NBs, quantification of protein dynamics via fluorescence recovery after 

photobleaching (FRAP), formation, number, size, and morphology was conducted. To assign 

a function to FIT NBs, homo- and heterodimerization differences between NBs and cytoplasm 

were quantified via anisotropy (homo-FRET) and FRET-fluorescence lifetime imaging 

microscopy (FLIM) measurements, and co-expression with marker proteins was performed. 
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Highlights 

• FIT undergoes light-induced condensation and localizes to NBs, likely via LLPS 

• Functionally relevant Ser271/272 defines an intrinsically disordered region and 

influences NB formation dynamics 

• NBs are preferential sites for FIT dimerization with FIT and bHLH039, dependent on 

Ser271/272 

• FIT NBs colocalize with NB markers related to splicing and light signaling 

Keywords 

anisotropy, bHLH039, condensates, FIT, FRAP, FRET-FLIM, IDR, LLPS, nuclear body, 

photobody, speckle, SR45 
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Abbreviations 

bHLH  basic helix-loop-helix 

bHLH039 BASIC HELIX-LOOP-HELIX039 

C  mCherry 

FIT  FER-LIKE IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR 

FLIM  fluorescence lifetime imaging microscopy 

FRAP  fluorescence recovery after photobleaching 

FRET  fluorescence resonance energy transfer 

G  GFP 

GFP  GREEN FLUORESCENT PROTEIN 

IDR  intrinsically disordered region 

LLPS  liquid-liquid phase separation 

mCherry monomeric Cherry 

mRFP  monomeric RED FLUORESCENT PROTEIN 

NB  nuclear body 

NP  nucleoplasm 

PB  photobody 

R  mRFP 

TF  transcription factor 
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Abstract 

Several nuclear proteins undergo condensation. The question remains often whether 

this property is coupled to a functional aspect of the protein in the nucleus. The basic helix-

loop-helix (bHLH) FER-LIKE IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR 

(FIT) integrates internal and external signals to control the amount of iron that is acquired in 

accordance with growth. The previously described C-terminal Ser271/272 allows FIT to form 

active complexes with subgroup Ib bHLH factors such as bHLH039. FIT has lower nuclear 

mobility than mutant FITmSS271AA, but this behavior has remained mechanistically and 

functionally obscure. Here, we show that FIT undergoes a light-inducible subnuclear 

partitioning into nuclear condensates that we termed FIT nuclear bodies (NBs). The 

characteristics of FIT NBs could be examined using a standardized FIT NB analysis procedure 

coupled with different types of quantitative and qualitative microscopy-based approaches. We 

found that FIT condensates were likely formed by liquid-liquid phase separation. FIT 

accumulated preferentially in FIT NBs versus nucleoplasm when engaged in protein 

complexes with itself and with bHLH039. FITmSS271AA, instead, localized to NBs with 

different dynamics. FIT colocalized with splicing and light signaling NB markers. Hence, the 

inducible highly dynamic FIT condensates link active transcription factor complexes with post-

transcriptional regulation processes. 
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Introduction 

As sessile organisms, plants must adjust to an ever-changing environment. Read-out 

of environmental cues and rapid acclimation are necessary to ensure the plant’s vitality. 

Accordingly, plants control micronutrient uptake. Overaccumulation causes toxicity but lack of 

a micronutrient leads to deficiency symptoms. Even though iron is one of the most abundant 

elements in the soil, its bioavailability as micronutrient is limited in most soils, rendering iron 

uptake a challenge for plants (Römheld and Marschner, 1986; Wedepohl, 1995). 

An essential regulatory protein needed for iron acquisition is the basic helix-loop-helix 

(bHLH) transcription factor (TF) FER-LIKE IRON DEFICIENCY-INDUCED TRANSCRIPTION 

FACTOR (FIT; Colangelo and Guerinot, 2004; Jakoby et al., 2004; Yuan et al., 2005; Bauer et 

al., 2007). FIT is activated upon iron deficiency downstream of a cascade of bHLH TFs (Zhang 

et al., 2015; Li et al., 2016; Liang et al., 2017; Kim et al., 2019; Gao et al., 2020) and of a 

calcium-sensing protein kinase able to target phosphorylation site Ser271/272 of FIT (Gratz et 

al., 2019). FIT alone is not sufficient to upregulate iron acquisition, while it is active in a 

heterodimeric complex together with a member of the bHLH subgroup Ib such as bHLH039 

(Yuan et al., 2008; Wang et al., 2013). Furthermore, FIT action is regulated through protein-

protein contacts with multiple key players of hormonal and abiotic stress signaling pathways 

(Lingam et al., 2011; Le et al., 2016; Wild et al., 2016; Cui et al., 2018; Gratz et al., 2019, 

2020). Thus, FIT behaves as a regulatory hub in root cells that perceives external and internal 

cues to adjust iron acquisition with growth (Schwarz and Bauer, 2020; Kanwar et al., 2021). 

The subcellular localization of the FIT-bHLH039 module is remarkable. bHLH039 alone 

is inactive and present mainly close to the plasma membrane in cytoplasmic foci, while 

bHLH039 together with FIT localizes in the nucleus (Trofimov et al., 2019). FIT is 

predominately localized in the nucleus but not as mobile compared to mutant FITmSS271AA, 

that is a more inactive mutant form of FIT (Gratz et al., 2019). Subcellular partitioning of 

proteins involved in nutrient uptake has until now not been enough in the focus of research to 

understand the significance of the differing subcellular localization patterns. 

One prominent type of subnuclear partitioning is conferred by biomolecular 

condensates, or nuclear bodies (NBs). NBs are membraneless, nuclear subcompartments, 

which can be of stable or dynamic nature. To form condensates, proteins need to have 

particular features that enable protein interactions and compaction in three-dimensional space. 

IDRs are flexible protein regions that allow conformational changes, and thus various 

interactions, leading to the required multivalency of a protein for condensate formation 

(Tarczewska and Greb-Markiewicz, 2019; Emenecker et al., 2020). As Arabidopsis thaliana 

(Arabidopsis) TFs are enriched in IDRs (Strader et al., 2022) it is not unlikely that the resulting 

multivalency in TFs drives condensation and results in microenvironments for interaction, 

probably more often than so far studied. IDRs are particularly characteristic in bHLH TFs in 

vertebrates and invertebrates (Tarczewska and Greb-Markiewicz, 2019), suggesting that this 
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feature may also be relevant for the bHLH TFs of plants. One possibility for condensates to 

form is to undergo liquid-liquid phase separation (LLPS). In this process, a solution is demixed 

into two or more phases (Emenecker et al., 2020). This mechanism has been examined in 

simplified in vitro systems, but the involvement of different cell components renders the 

mechanism more complex in vivo (Fang et al., 2019; Riback et al., 2020; Zhu et al., 2021). 

NBs comprise an immense variety of types, and plants and animals share several of 

them, e.g., the nucleolus, Cajal bodies, and speckles. The nucleolus is involved in transcription 

of ribosomal DNA, processing of ribosomal RNA, and ribosome biogenesis (Kalinina et al., 

2018; Lafontaine et al., 2021). Nucleoli share components and function with Cajal bodies, 

which are e.g., ribonucleoproteins and RNA processing (Love et al., 2017; Trinkle-Mulcahy 

and Sleeman, 2017). Speckles are known spliceosomal sites (Reddy et al., 2012; Galganski 

et al., 2017). Plant-specific NBs are photobodies (PBs), which are triggered by light, 

temperature, and circadian clock (Pardi and Nusinow, 2021). PBs harbor regulatory complexes 

of the photomorphogenic responses, including photoreceptors like phytochromes (phy) and 

bHLH TFs belonging to the PHYTOCHROME INTERACTING FACTORs (PIFs; Pardi and 

Nusinow, 2021). Another trigger for inducible condensate formation is temperature (Jung et 

al., 2020; Zhu et al., 2021). 

NBs may act as hubs integrating environmental signals (Emenecker et al., 2020; 

Meyer, 2020). Especially PBs may combine external cues, such as light, as an input signal to 

steer developmental processes (Kaiserli et al., 2015; Meyer, 2020; Pardi and Nusinow, 2021). 

It is proposed that the formation of NBs could be an ancient mechanism for spatial organization 

within the nucleus (Emenecker et al., 2020). As more evidence on condensation in plants 

arises, this topic remains barely examined in the scope of plant nutrition. 

The motivation for our study was to elucidate the mechanism behind subcellular 

distribution and nuclear mobility of FIT. We had found an interesting hint that FIT may undergo 

light-inducible nuclear condensation, when we detected FIT nuclear bodies (NBs). We 

developed a standardized FIT NB analysis procedure and applied it to characterize quantitative 

and qualitative aspects of the dynamic NB formation using different microscopy-based 

techniques. Thereby, we were able to link FIT NB formation with the activity status of FIT to 

form functional protein complexes. We found that splicing and light signaling were also 

associated with FIT NBs. Thus, this study lays ground for FIT NBs being regulatory hubs 

steering nutritional signaling and associating functional significance to FIT protein condensate 

formation. 

Results 

FIT localizes to NBs in light-inducible and dynamic manner likely as a result of LLPS 

The TF FIT has a dynamic mobility and capacity to form TF complexes inside plant 

cells (Gratz et al., 2019; Trofimov et al., 2019). To explore possible mechanisms for dynamic 

FIT subcellular localization, we performed a microscopic study on FIT-GFP protein localization  
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Figure 1. FIT accumulated in nuclear condensates, termed FIT nuclear bodies (NBs) in a light-inducible 

manner, most likely following liquid-liquid phase separation (LLPS). 

A, Induction of FIT NBs in Arabidopsis root epidermis cells of the root differentiation zone. Left, light 

microscopy overview image of a 5-d-old Arabidopsis seedling (FIT-GFP/fit-3) grown in iron deficiency. Right, nuclear 

localization of FIT-GFP in the root epidermis cells as indicated in the overview image, at t=0 and t=40 min. FIT-GFP 

signals were evenly distributed in the nucleus at t=0 min, and after induction by excitation with 488 nm laser NB 
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formation accumulated in NBs at t=40 min. Note that root epidermis cells developed few NBs with weak FIT-GFP 

signals. B-H, Fluorescence protein analysis in transiently transformed N. benthamiana leaf epidermis cells. B-D, 

Confocal images of B, FIT-GFP, C, FIT-mCherry, and D, ZAT12-GFP at t=0 and t=5 min. At t=0 min, FIT-GFP and 

FIT-mCherry showed an even distribution within the nucleus. Following a 488 nm laser excitation, numerous NBs 

were clearly visible in all examined transformed cells at t=5 min. These NBs were termed FIT NBs. Under the same 

imaging conditions, ZAT12-GFP did not show NB formation. According to these results, a standardized FIT NB 

analysis procedure was set up (Supplemental Figure S1). See also Supplemental Movie S1A-C. E-G, FRAP 

measurements to test for liquid-like behaviour of FIT NBs, using the standardized FIT NB analysis procedure in 

transiently transformed N. benthamiana leaf epidermis cells. E, Images of the fluorescent signal during the FRAP 

experiment, taken before bleaching (0 s) and recovery of fluorescence at three time points after bleaching from 3 s 

to 45 s within the circled region of a NB. F, Diagram representing the relative fluorescence during the measurement, 

showing a high fluorescence recovery rate of FIT-GFP within NBs. G, Diagram representing the mobile fraction of 

FIT-GFP calculated based on the relative fluorescence recovery. The diagram indicates high mobility of FIT. H, 

Quantification of the FIT NB shape with the software ImageJ (National Institutes of Health), indicating that FIT NBs 

have circular shape. Mobility and circularity characteristics indicate that FIT NBs are most likely liquid condensates 

that are the result of LLPS. 

Line diagram represents the mean and standard deviation. Box plots show 25-75 percentile with min-max 

whiskers, mean as small square and median as line. Scale bars of nuclei images, 2 µm; scale bar full seedling, 

1 mm. Arrowheads indicate NBs. G = GFP; C = mCherry. 

in the root epidermis of the root differentiation zone of 5-d-old iron-deficient seedlings of 

Arabidopsis thaliana (Arabidopsis), where FIT is active and iron acquisition occurs (35Spro:FIT-

GFP complemented fit-3; Jakoby et al., 2004; Gratz et al., 2019). At first microscopic 

inspection, FIT-GFP was evenly distributed within the nucleus. After a lag time, FIT-GFP 

became re-localized at the subnuclear level (Figure 1A). Discrete FIT-GFP nuclear spots were 

visible after 40 min earliest, sometimes taking up to 2 h to appear. One to four spots were 

observed per nucleus. Nuclear FIT-GFP spots were triggered either by exposure of whole 

seedlings to 488 nm laser for several minutes or by shifting seedlings grown in white light into 

blue light for a total time of 2 h with subsequent immediate imaging. The observation of FIT 

nuclear spots in the root epidermis of the root differentiation zone was very interesting, 

suggesting that these might perhaps be NBs containing FIT. However, further inspection of the 

nuclear spots in root cells in this differentiating root zone was hampered by several difficulties, 

namely the small size and low accessibility of the nucleus, comparably low level of expression 

of FIT in roots (see also Lingam et al., 2011; Meiser et al., 2011), and especially considering 

the long lag time for detecting the nuclear spots. These factors made it impossible for us to 

apply quantitative fluorescence microscopy techniques to draw validated conclusions on the 

nature, dynamics, and functional significance of nuclear spots in root epidermis cells of the 

root differentiation zone of iron-deficient seedlings. 

FIT-GFP that was transiently expressed in Nicotiana benthamiana (N. benthamiana) 

leaf epidermis cells under a β-estradiol-inducible promoter to control protein expression 

showed a very similar re-localization of FIT-GFP into nuclear spots as observed in the 

Arabidopsis root epidermis, again triggered by treatment with a 488 nm laser light stimulus. 
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Differences were, however, the duration of the lag time needed to observe this phenomenon, 

and the number of nuclear spots. As in Arabidopsis, FIT-GFP localized initially in uniform 

manner to the entire nucleus (t=0) of N. benthamiana leaf epidermis cells. A short duration of 

1 min 488 nm laser light excitation induced the formation of FIT-GFP signals in discrete spots 

inside the nucleus after a lag time of only five minutes (t=5; Figure 1B and Supplemental 

Movie S1A). The nuclear FIT spots were systematically initiated, and nearly all nuclei in the 

imaged leaf disk showed numerous spots. A similar laser light excitation procedure was 

previously found to elicit PB formation of cryptochrome2 (CRY2) in Arabidopsis protoplasts 

and HEK293T cells (Wang et al., 2021). We deduced that the spots of FIT-GFP signal were 

NBs. FIT NB formation was not dependent on the fluorescent tag, as it was similar for FIT-

mCherry when co-excited with 488 nm laser light (Figure 1C). Another TF and interactor of 

FIT, ZINC FINGER OF ARABIDOPSIS THALIANA12-GFP (ZAT12-GFP; Le et al., 2016), did 

not localize to NBs under the same imaging conditions (Figure 1D and Supplemental 

Movie S1B). Therefore, we concluded that FIT localization to NBs was a specificity of FIT and 

that formation of FIT NBs was not artificially caused by fluorescent tags or the imaging setup. 

Importantly, the N. benthamiana epidermis expression system was suited to control the 

parameters for light-induced triggering of FIT NBs and their quantitative analysis by 

fluorescence microscopy. We then developed a standardized experimental procedure for 

qualitative and quantitative FIT NB analysis in N. benthamiana (hereafter named ‘standardized 

FIT NB analysis procedure’; Supplemental Figure S1). 

LLPS is a possible way for condensate formation, and liquid-like features are 

quantifiable by mobility and shape analysis within condensates (Shin et al., 2017; Wang et al., 

2021). We used the standardized FIT NB analysis procedure to examine whether this could 

also be a mechanism underlying the FIT NB formation. Mobility of FIT NBs was tested with the 

fluorescence recovery after photobleaching (FRAP) approach (Bancaud et al., 2010; Trofimov 

et al., 2019) by recording the recovery of the fluorescence intensity over time in a bleached NB 

(Figure 1E-G). According to relative fluorescence intensity the fluorescence signal recovered 

to a high extent with FIT NBs (Figure 1F), and the calculated mobile fraction of the NB protein 

was on average 80% (Figure 1G). Shape analysis of FIT NBs showed that the NBs reached 

a high circularity score (Figure 1H). According to Wang et al. (2021), fluorescence recovery 

and circularity scores as the ones measured for FIT NBs reflect high mobility and circular 

shape. Thus, FIT NBs behave in a liquid-like manner suggesting that LLPS might be the 

mechanism leading to FIT NB formation. 

In summary, the developed standardized FIT NB analysis procedure was well suited 

for investigating dynamic properties of light-induced FIT NBs and characterizing them as the 

likely result of LLPS. Because of these properties, it is justified to term them ‘FIT NBs’. We 

hypothesized that NB formation is a feature of the FIT protein that provides regulatory 
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specificity, and we subsequently investigated this hypothesis using the developed 

standardized FIT NB analysis procedure in all subsequent assays below. 

FIT forms homodimeric complexes preferentially in NBs, dependent on Ser271/272 

Next, we asked which properties of the FIT protein enable NB formation. Residue 

Ser271/272 is important for the homo- and heterodimerization capacity of FIT (Gratz et al., 

2019). We therefore asked whether this site has an influence on FIT NB formation, and we 

compared the ability for NB formation of mutant FITmSS271AA-GFP with that of wild-type FIT-

GFP protein. FITmSS271AA-GFP also localized to NBs, however with different dynamics. 

Figure 2. The FIT C-terminal Ser271/272 site was important for the capacity of FIT to localize to NBs. 

A, Confocal images of nuclear localization of FITmSS271AA-GFP at t=0 and t=15 min. FITmSS271AA-

GFP accumulated in NBs, but NB formation required a longer time compared to FIT-GFP. See also Supplemental 

Movie S1, A and C. B, Number of NBs, and C, size of NBs, of FIT-GFP and FITmSS271AA-GFP at t=5/15 min. 

NB number and size were determined with the software ImageJ (National Institutes of Health). FIT-GFP 

accumulated in more and larger NBs than FITmSS271AA-GFP. See Supplemental Movie S1, A and C. 

FITmSS271AA-GFP lacks IDRSer271/272. This IDR may be relevant for FIT NB formation (Supplemental Figure S2). 

Bar diagrams represent the mean and standard deviation. Statistical analysis was performed with the 

Mann-Whitney test. Different letters indicate statistically significant differences (P < 0.05). Scale bar: 2 µm. 

Arrowheads indicate NBs. G = GFP. Analysis was conducted in transiently transformed N. benthamiana leaf 

epidermis cells, following the standardized FIT NB analysis procedure. 
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The formation of FITmSS271AA NBs was delayed in time (Figure 2A; t=15 instead of 

t=5). While FIT-GFP NB formation started in the first minutes after excitation (Supplemental 

Movie S1A), FITmSS271AA-GFP NB formation occurred earliest 10 min after excitation 

(Supplemental Movie S1C). In addition, NB number and size of FITmSS271AA-GFP were 

decreased in comparison to the ones from wild-type FIT-GFP (Figure 2, B and C). Hence, the 

dynamics of NB formation were dependent on Ser271/272. 

The process of condensation is facilitated when proteins possess IDRs, since, 

importantly, IDRs may engage in numerous interactions in space due to rapid conformational 

changes (Tarczewska and Greb-Markiewicz, 2019; Emenecker et al., 2020). The three-

dimensional conformation of wild-type FIT had predicted stretches of intrinsic disorganization, 

peaking before and at the basic region of the bHLH domain, and two in the C-terminal part, 

one of them around the Ser271/272 site (termed IDRSer271/272; Supplemental Figure S2A). In 

contrast, in the FITmSS271AA mutant this C-terminal region was no longer classified as IDR 

(Supplemental Figure S2B). This underlined the significance of the Ser271/272 site, not only 

for interaction but also for FIT NB formation. 

We then tested whether FIT homodimerization was preferentially associated with NB 

formation. For that, we investigated whether FIT-GFP shows a differentiated homodimerization 

strength, first, inside the NBs versus the nucleoplasm (NP), and second, as wild-type FIT 

versus the mutant FITmSS271AA-GFP protein by performing anisotropy (or homo-FRET) 

measurements. Energy transfer between the same kind of fluorescently tagged proteins leads 

to depolarization of the emitted light (Stahl et al., 2013; Weidtkamp-Peters et al., 2022). 

Fluorescence anisotropy (FA) describes this depolarization and gives hints on the dimerization 

and oligomerization status of a protein as the FA value decreases (Figure 3A). We measured 

FA before (t=0) and after NB formation (t=5 for FIT and t=15 for FITmSS271AA), and analyzed 

the homodimerization strength for the whole nucleus, the NBs, and the residual NP 

(Figure 3B-D). Free GFP and GFP-GFP constructs were used as references for monomers 

and dimers (Figure 3C and D). 

Whole nucleus FA values were lower at t=5 than at t=0 for FIT-GFP. Additionally, FA 

values were lower within the NBs compared to the NP (Figure 3C). Compared to wild-type 

FIT-GFP, FA values were not reduced for mutant FITmSS271AA-GFP at t=15 compared to 

t=0. Also, the FA values did not differ between NBs and NP for the mutant protein (Figure 3D). 

This indicated the presence of homodimeric FIT complexes in NBs. 

In summary, wild-type FIT had better capacities to localize to NBs than mutant 

FITmSS271AA, presumably due its IDRSer271/272 at the C-terminus. NBs were nuclear sites in 

which FIT formed preferentially homodimeric protein complexes. 

FIT-bHLH039 interaction complexes preferentially accumulate in FIT NBs 

FIT engages in protein-protein interactions with bHLH039 to steer iron uptake target 

gene induction in the nucleus, while mutant FITmSS271AA protein is less active in interacting 
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Figure 3. FIT was present in homodimeric protein complexes in NBs, dependent on Ser271/272 site. 

Anisotropy (or homo-FRET) measurements of FIT-GFP and FITmSS271AA-GFP to determine 

homodimerization strength. A, Schematic illustration of the anisotropy principle. Energy transfer between the same 

kind of fluorescently tagged proteins leads to depolarization of the emitted light. Extent of the depolarization gives 

a hint on dimerization and oligomerization of a protein as the fluorescence anisotropy (FA) value decreases. B, 

Images showing colour-coded FA values of FIT-GFP and FITmSS271AA at t=0 and t=5/15 min. C-D, Quantification 

of FA values. FA was measured at t=0 within the whole nucleus and at t =5/15 min within the whole nucleus, in NBs 

and in residual NP. Free GFP and GFP-GFP served as references for mono- and dimerization. FA values for C, 

FIT-GFP, and D, FITmSS271AA-GFP. FA values decreased for FIT-GFP, but not FITmSS271AA-GFP, in the whole 

nucleus (compare t=0 with t=5/15 min). FA values were also lowered in NBs versus NP in the case of FIT-GFP but 

not FITmSS271AA-GFP (compare t=5/15 min of NBs and NP). This indicates stronger homodimerization of FIT 

than FITmSS271AA-GFP in the whole nucleus and in NBs. IDRSer271/272 may therefore be relevant for FIT NB 

formation and FIT homodimerization (Supplemental Figure S2). 

Box plots show 25-75 percentile with min-max whiskers, mean as small square and median as line. 

Statistical analysis was performed with one-way ANOVA and Tukey post-hoc test. Different letters indicate 

statistically significant differences (P < 0.05). Scale bar: 2 µm. Arrowheads indicate NBs. C and D show the same 

free GFP and GFP-GFP references because both measurements were performed on the same day. G = GFP. 

Fluorescence protein analysis was conducted in transiently transformed N. benthamiana leaf epidermis cells, 

following the standardized FIT NB analysis procedure. 
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with bHLH039 (Gratz et al., 2019). Hence, we tested whether FIT also interacts with bHLH039 

preferentially inside NBs and whether mutant FITmSS271AA differs in this ability from wild-

type FIT protein. bHLH039 alone does not localize inside the nucleus but requires FIT for 

nuclear localization (Trofimov et al., 2019), so that bHLH039 was not used alone to test its 

subnuclear localization. 

Upon co-expression, FIT-GFP and bHLH039-mCherry colocalized fully in NBs that 

resembled the previously described FIT NBs. In the beginning, both proteins were uniformly 

distributed within the nucleus (t=0), and later became localized in NBs (t=5; Figure 4A). 

We then examined the heterodimerization strength of FIT-GFP and bHLH039-mCherry, 

and FITmSS271AA-GFP and bHLH039-mCherry by FRET-fluorescence lifetime imaging 

microscopy (FRET-FLIM) measurements. In case of protein interaction (close proximity, 

≤10 nm), energy transfer between a fluorescently tagged donor and a fluorescently tagged 

acceptor decreases the fluorescence lifetime of the donor (Figure 4B; Borst and Visser, 2010; 

Weidtkamp-Peters and Stahl, 2017). We quantified the fluorescence lifetime of FIT-GFP and 

FITmSS271AA-GFP respective of heterodimerization before (t=0) and after NB formation (t=5 

for FIT and t=15 for FITmSS271AA) in the whole nucleus, in NBs, and in the NP (Figure 4C-

E). FIT-GFP and FITmSS271AA-GFP (donor only) served as negative controls. 

Fluorescence lifetime was decreased for the pair FIT-GFP and bHLH039-mCherry at 

t=5 within NBs compared to all other measured areas (Figure 4D). In contrast to that, the 

fluorescence lifetime decrease for the pair FITmSS271AA-GFP and bHLH039-mCherry at t=15 

was not different between NBs and NP (Figure 4E). This indicated that heterodimeric 

complexes accumulated preferentially in FIT NBs. 

In summary, heterodimerization of FIT with bHLH039 was spatially concentrated in NBs 

versus the remaining nuclear space and was less prominent for FITmSS271AA. Hence, the 

capacity of FIT to form an active TF complex was coupled with its presence in NBs. The 

occurrence of FIT homo- and heterodimerization preferentially in NBs suggests that FIT protein 

interaction may drive condensation. We therefore concluded that FIT NBs may be sites with 

active TF complexes for iron deficiency response regulation. 

FIT NBs colocalize with speckle components 

Numerous NB types are known, and they are associated with particular proteins that 

are indicative of the NB type. To further understand the identity, dynamics, and function of FIT 

NBs, we co-expressed FIT-GFP with seven different NB markers from The Plant Nuclear 

Marker collection (NASC) and observed NB formation and protein colocalization before (t=0) 

and after FIT NB formation (t=5). In cases where we detected a colocalization with FIT-GFP, 

we analyzed the localization of NB markers also in the single expression at t=0 and at t=5 after 

the 488 nm excitation, to detect potentially different patterns in single and co-expression. 
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Figure 4. FIT was present in heterodimeric protein complexes with bHLH039 in NBs, dependent on 

Ser271/272 site. 
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A, Confocal images with colocalization of FIT-GFP and bHLH039-mCherry in the nucleus. Both proteins 

were evenly distributed within the nucleus at t=0 and colocalized fully in FIT NBs at t=5 min. B-E, FRET-FLIM 

measurements to determine heterodimerization strength of FIT and FITmSS271AA with bHLH039, respectively. 

FIT-GFP and FITmSS271AA-GFP (donor only) served as negative controls. B, Schematic illustration of the FRET-

FLIM principle. Energy transfer occurs between two different fluorophores. One fluorophore acts as the donor and 

the other as the acceptor of the energy. In case of interaction (close proximity, ≤10 nm) the fluorescence lifetime of 

the donor decreases. C, Images showing colour-coded fluorescence lifetime values of FIT-GFP and 

FITmSS271AA-GFP co-expressed with bHLH039-mCherry at t=0 and t=5/15 min. D-E, FRET-FLIM measurements 

at t=0 within the whole nucleus and at t=5/15 min within the whole nucleus, inside NBs and in residual NP. 

Fluorescence lifetime was reduced for the pair of FIT-GFP and bHLH039-mCherry in NBs versus NP at t=5 min, 

indicating protein interaction preferentially inside NBs. Fluorescence lifetime values were not significantly different 

for the pair FITmSS271AA-GFP and bHLH039-mCherry in this same comparison at t=15 min, indicating that this 

pair did not preferentially interact in NBs. IDRSer271/272 may therefore be relevant for FIT NB formation, and FIT 

homo- and heterodimerization (Supplemental Figure S2). 

Box plots show 25-75 percentile with min-max whiskers, mean as small square and median as line. 

Statistical analysis was performed with one-way ANOVA and Tukey post-hoc test. Different letters indicate 

statistically significant differences (P < 0.05). Scale bar: 2 µm. Arrowheads indicate NBs. G = GFP; C = mCherry. 

Fluorescence protein analysis was conducted in transiently transformed N. benthamiana leaf epidermis cells, 

following the standardized FIT NB analysis procedure. 

All seven NB markers were expressed together with FIT-GFP, and according to the 

resulting extent of colocalization we subdivided them into three different types. The first type 

(type I) did colocalize with FIT-GFP neither at t=0 nor at t=5. This was the case for the Cajal 

body markers coilin-mRFP and U2 snRNP-specific protein U2B”-mRFP (Supplemental 

Figure S3; Lorković et al., 2004; Collier et al., 2006). Coilin-mRFP localized into a NB within 

and around the nucleolus and with barely any protein in the residual NP, which did not 

colocalize with FIT NBs (Supplemental Figure S3A). The NBs of U2B”-mRFP close to the 

nucleolus also did not colocalize with FIT NBs (Supplemental Figure S3B). Hence, FIT-GFP 

was not associated with Cajal bodies. 

The second type (type II) of NB markers were partially colocalized with FIT-GFP. This 

included the speckle components ARGININE/SERINE-RICH45-mRFP (SR45) and the 

serine/arginine-rich matrix protein SRm102-mRFP. SR45 is involved in splicing and alternative 

splicing and is part of the spliceosome in speckles (Ali et al., 2003), and was recently found to 

be involved in splicing of iron homeostasis genes (Fanara et al., 2022). SRm102 is a speckle 

component (Kim et al., 2016). SR45-mRFP localized barely in the NP but inside few and very 

large NBs that remained constant at t=0 and t=5. FIT-GFP did not colocalize in those NBs at 

t=0, however, it colocalized with the large SR45-mRFP NBs at t=5 (Figure 5A). FIT-GFP also 

localized in typical FIT NBs in the residual NP at t=5 (Figure 5A). SRm102-mRFP showed low 

expression in the NP and stronger expression in a few NBs that also remained constant at t=0 

and t=5. FIT-GFP colocalized with SRm102-mRFP in only few instances at t=5, but not t=0, 

while most FIT NBs did not colocalize with SRm102-mRFP NBs (Figure 5B). Both SR45- 

mRFP and SRm102-mRFP had the same localization pattern at t=0 and t=5, irrespective of 
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Figure 5. Two NB markers and splicing components were present in NBs in which FIT accumulated after 

the light trigger, whereas they were not part of FIT NBs (designated type II). 

Confocal images showing localization of FIT-GFP and NB markers (type II) upon co-expression in the 

nucleus at t=0 and t=5 min. Co-expression of FIT-GFP with A, SR45-mRFP, and B, SRm102-mRFP. Type II NB 

markers localized inside NBs at t=0 and t=5 min. Similar localization patterns were observed upon single 

expression, showing that SR45 and SRm102 are present in distinct NB types (compare with Supplemental 

Figure S4, A and B). FIT-GFP colocalized with type II markers in their distinct NBs at t=5 min, but not t=0. FIT-

GFP additionally localized in FIT NBs at t=5 min. Type II markers were not present in FIT NBs, while FIT-GFP 

became recruited into the distinct type II NBs upon the light trigger. Hence, FIT NBs could be associated with 

speckle components.  

Scale bar: 2 µm. Filled arrowheads indicate colocalization in NBs, empty arrowheads indicate no 

colocalization in NBs. G = GFP; R = mRFP. Fluorescence protein analysis was conducted in transiently transformed 

N. benthamiana leaf epidermis cells, following the standardized FIT NB analysis procedure. For data with type I 

markers (no colocalization) and type III markers (full colocalization) see Supplemental Figure S3 and Figure 6. 
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FIT-GFP co-expression or 488 nm excitation (Supplemental Figure S4). These type II NB 

markers seemed to recruit FIT-GFP into NBs after 488 nm excitation that were present (pre-

existing) before FIT-GFP NB formation, while FIT-GFP localized additionally in separate FIT 

NBs. Hence, FIT became associated with splicing components and speckles upon the light 

trigger. 

A third type (type III) of three NBs markers, namely UAP56H2-mRFP, P15H1-mRFP, 

and PININ-mRFP, were fully colocalized with FIT-GFP. Until now, these NB marker proteins 

are not well described in plants. UAP56H2 is a RNA helicase, which is involved in mRNA 

export (Kammel et al., 2013). P15H1 was found as a putative Arabidopsis orthologue of an 

exon junction complex component in humans (Pendle et al., 2005), while PININ has a 

redundant role to its paralogue apoptotic chromatin condensation inducer in the nucleus 

(ACINUS) in alternative splicing (Bi et al., 2021).  

UAP56H2-mRFP and P15H1-mRFP did not localize in NBs and were not responsive 

to the 488 nm excitation when expressed alone or together with FIT-GFP at t=0 (Figure 6, A 

and B and Supplemental Figure S4, C and D). When co-expressed with FIT-GFP and 

following the 488 nm excitation, at t=5, the two NB markers adopted the FIT NB pattern and 

colocalized with FIT-GFP in FIT NBs (Figure 6, A and B). PININ-mRFP was also uniformly 

distributed in the nucleus at t=0 like FIT-GFP and fully colocalized with FIT NBs at t=5 

(Figure 6C). But curiously, PININ-mRFP showed a very different localization in the single 

expression. Predominately, it localized to a very large NB besides several small NBs with no 

expression in the NP at t=0 and at t=5 (Supplemental Figure S4E). Thus, FIT-GFP recruited 

these type III NB marker and speckle proteins fully into FIT NBs. Since type III NB markers are 

also potentially involved in splicing and mRNA export from the nucleus, these same functions 

may be relevant in FIT NBs. 

Taken together, the colocalization studies underlined the dynamic behavior of inducible 

FIT NB formation. FIT NBs had a speckle function, in which on the one hand FIT was recruited 

itself into pre-existing splicing-related NBs (SR45-mRFP and SRm102-mRFP, type II), while 

on the other hand it also recruited speckle-localized proteins into FIT NBs (UAP56H2-mRFP, 

P15H1-mRFP, and PININ-mRFP, type III). 

PB components influence FIT NB localization and formation 

PBs are plant-specific condensates which harbor various light signaling components 

(Kircher et al., 2002; Bauer et al., 2004). Among them are the bHLH TFs of the PIF family. As 

key regulators of photomorphogenesis, they integrate light signals in various developmental 

and physiological response pathways (Leivar and Monte, 2014; Pham et al., 2018). Indeed, 

PIF4 may control iron responses in Arabidopsis based on computational analysis of iron 

deficiency response gene expression networks (Brumbarova and Ivanov, 2019). We tested in 

the same manner as described above for NB markers, whether FIT NBs coincide with two of 
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Figure 6. Three NB markers and speckle components became localized in FIT NBs and colocalized fully 

with FIT (designated type III), suggesting that FIT NBs have speckle function. 
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Confocal images showing localization of FIT-GFP and NB markers (type III) upon co-expression in the 

nucleus at t=0 and t=5 min. Co-expression of FIT-GFP with A, UAP56H2-mRFP, B, P15H1-mRFP, and C, PININ-

mRFP. All three type III NB markers were homogeneously distributed and colocalized with FIT-GFP in the nucleus 

at t=0, while they colocalized with FIT-GFP in FIT NBs at t=5 min. UAP56H2-mRFP and P15H1-mRFP showed 

homogeneous localization in the single expression at both t=0 and t=5 min (compare with Supplemental Figure S4, 

C and D), while PININ-mRFP localized mainly in one large and several small NBs upon single expression at t=0 

and t=5 min (compare with Supplemental Figure S4E). Hence, these three markers adopted the localization of 

FIT-GFP upon co-expression and suggest that FIT NBs have a speckle function.  

Scale bar: 2 µm. Arrowheads indicate colocalization within NBs. G = GFP; R = mRFP. Fluorescence 

protein analysis was conducted in transiently transformed N. benthamiana leaf epidermis cells, following the 

standardized FIT NB analysis procedure. For data with type I markers (no colocalization) and type II markers (partial 

colocalization) see Supplemental Figure S3 and Figure 5. 

the described PB markers, PIF3-mCherry and PIF4-mCherry (Van Buskirk et al., 2014; Qiu et 

al., 2019, 2021). 

We detected distinct localization patterns for PIF3-mCherry and PIF4-mCherry. At t=0, 

PIF3-mCherry was predominantly localized in a single large PB (Figure 7A). In general, 

localization of single expressed PIF3-mCherry remained unchanged at t=0 and t=15 

(Supplemental Figure S5A). Upon co-expression, FIT-GFP was initially not present in PIF3-

mCherry PB at t=0. After 488 nm excitation and at t=5, FIT NBs were still not visible. Instead, 

FIT-GFP accumulated and finally colocalized with the large PIF3-mCherry PB at t=15, while 

the typical FIT NBs did not appear (Figure 7A). 

PIF4-mCherry localized in two different patterns, and both differed substantially from 

that of PIF3-mCherry. In the one pattern at t=0, PIF4-mCherry was not localized to any PBs, 

but instead was uniformly distributed in the NP as was the case for FIT-GFP. Such a pattern 

was also seen at t=15, and then neither PIF4-mCherry nor FIT-GFP were localized in any 

PBs/NBs (Figure 7B). In the other pattern, PIF4-mCherry and FIT-GFP localized in multiple 

PBs at t=0 and t=15, whereas none of them corresponded morphologically to the typical FIT 

NBs (Figure 7C). The same two localization patterns were also found for PIF4-mCherry in the 

single expression, whereby 488 nm excitation did not alter PIF4-mCherry localization 

(Supplemental Figure S5, B and C). 

Hence, FIT was able to localize to PBs when co-expressed with PIF3 and PIF4, 

underlining the ability of FIT as a key regulator to cross-connect iron acquisition regulation to 

other signaling pathways. 

Discussion 

In this study, we uncovered a previously unknown phenomenon, the light-induced 

accumulation of FIT condensates in FIT NBs. LLPS was most likely the underlying mechanism 

for this highly dynamic process. FIT NBs were enriched in active FIT TF complexes for iron 

deficiency gene regulation. FIT associated with speckles and PBs in a highly dynamic fashion. 

Based on these data, FIT NBs are dynamic microenvironments with active FIT TF complexes 
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Figure 7. FIT colocalized with photobody (PB) markers in distinct PBs. 
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Confocal images showing localization of FIT-GFP and PB markers upon co-expression in the nucleus at 

t=0 and t=15 min. Co-expression of FIT-GFP with A, PIF3-mCherry, and B and C, PIF4-mCherry, in B, showing a 

typical pattern with absence of NBs (ca. 50% of nuclei), in C, showing a typical pattern with presence of NBs (ca. 

50% of cells). When FIT-GFP was co-expressed with PB markers, FIT NBs did not appear at t=5 min, but instead, 

FIT-GFP colocalized with PB markers in PBs at t=15 min. A, PIF3-mCherry localized predominantly to a single large 

PB at t=0 and t=15 min. FIT-GFP colocalized with PIF3-mCherry in this single large PB at t=15 min. B, PIF4-

mCherry and FIT-GFP were both homogeneously distributed in the nucleoplasm at t=0 and t=15 min. In C, FIT-

GFP colocalized with PIF4-mCherry in PBs at t=0 and t=15 min. The same localization patterns were found for 

PIF3-mCherry and PIF4-mCherry upon single expression (compare with Supplemental Figure S5). Hence, FIT-

GFP was recruited to the two distinct types of PIF3 and PIF4 PBs, whereas PIF3 and PIF4 were not recruited to 

FIT NBs. This suggests that FIT NBs are affected by the presence of PIF3- and PIF4-containing PBs and a 

connection to light signalling exists. 

Scale bar: 2 µm. Arrowheads indicate colocalization in PBs. G = GFP; C = mCherry. Fluorescence protein 

analysis was conducted in transiently transformed N. benthamiana leaf epidermis cells, following the standardized 

FIT NB analysis procedure. 

that possibly are hubs to cross connect transcriptional iron deficiency gene expression with 

post-transcriptional regulation and light signaling. 

A standardized procedure for FIT NB induction was crucial to delineate the 

characteristics of FIT NBs in reliable manner 

A major aim of this study was to characterize the nature and potential function of light-

induced FIT NBs. To be able to apply the quantitative microscopy-based techniques, we 

needed to control the appearance of NBs in reliable manner and FIT-GFP fluorescence 

needed to be sufficiently strong. This was clearly a limitation for inspection of root epidermis 

cells of the root differentiation zone in iron-deficient plants in which FIT-controlled iron uptake 

takes place. Not every root epidermis cell showed NBs and only few FIT NBs were detectable 

after a delay of 40 min to 2 h. Since condensation depleted FIT protein in the nucleoplasm, the 

remaining low FIT protein concentration can be the reason why FIT NBs remained few in 

number in the Arabidopsis root cells. The N. benthamiana protein expression system did not 

present these limitations and high-quality measurement data were obtained for all 

experimental series. Furthermore, this expression system is a well-established and widely 

utilized system in plant biology (Martin et al., 2009; Bleckmann et al., 2010; Leonelli et al., 

2016; Burkart et al., 2022). The developed standardized assay generated reliable and accurate 

data for statistical analysis and quantification to conclude about FIT NB characteristics. 

This way, we linked the dynamic process of FIT NB formation with LLPS, which was 

most likely the mechanism of FIT NB formation. First of all, according to FRAP data, FIT NBs 

maintained a dynamic exchange of FIT protein with the surrounding NP. Despite of that, the 

initiation of condensation may overall reduce the mobility of FIT-GFP versus FITmSS271AA-

GFP in the whole nucleus in the absence of visible FIT NBs that we observed in a previous 

study (Gratz et al., 2019). bHLH039 accumulates in cytoplasmic foci at the cell periphery 

(Trofimov et al., 2019). In these foci, bHLH039 is immobile. Probably, bHLH039 was retained 
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in these cytoplasmic foci in a non-functional state, as it was only seen in the absence of FIT. 

This underlines the understanding that liquid condensates such as FIT NBs are dynamic 

microenvironments, whereas immobile condensates point rather towards a solid and 

pathological state (Shin et al., 2017). 

Second, FIT NBs were mostly of circular shape. Circular condensates appear as 

droplets, in contrast to solid-like condensates that are irregularly shaped (Shin et al., 2017). 

This is speaking in favor of liquid-like features, suggesting that LLPS underlies FIT NB 

formation. A similar situation was described for CRY2 PBs, which were also of circular shape 

with mobile protein inside PBs (Wang et al., 2021). In conclusion, the properties of liquid 

condensation along with the findings that it occurred irrespective of the fluorescence protein 

tag preferentially with wild-type FIT, but with different dynamics for the mutant FITmSS271AA 

and not at all for ZAT12, allowed us to coin the term of ‘FIT NBs’. 

IDRSer271/272 was crucial for interaction and NB formation of FIT 

FIT NBs were hotspots for FIT interaction, allowing to assume that they are integrated 

in the iron deficiency response as interaction hubs. FIT formed homodimers and heterodimers 

with bHLH039 preferentially in NBs compared with the NP. These abilities distinguished wild-

type FIT and mutant FITmSS271AA. According to these findings FITmSS271AA was less 

successful in interacting within NBs, indicating that wild-type FIT is a multivalent protein and 

IDRSer271/272 is important for that. bHLH proteins interact with other proteins via the helix-loop-

helix interface, which may certainly also be the case for FIT. Our study supports previous 

reports that FIT protein interaction via its C-terminus is relevant (Lingam et al., 2011; Le et al., 

2016; Gratz et al., 2019). The property of being able to interact via the HLH and via the C-

terminal domain allows FIT to be multivalent. It could not be distinguished whether FIT 

homodimers were a prerequisite for the localization of bHLH039 in NBs or whether FIT-

bHLH039 complexes also initiated NBs on their own. 

The predicted and disrupted C-terminal FIT IDRSer271/272 in the FITmSS271AA mutant 

was relevant for NB formation capacity. IDRs are often required for protein interactions of hub 

proteins since the flexible IDRs adapt to interactions with multiple protein partners and are 

therefore crucial for multivalency (Tarczewska and Greb-Markiewicz, 2019; Emenecker et al., 

2020; Salladini et al., 2020). Besides, evidence exists that the amino acid composition of IDRs 

is crucial for condensation (Powers et al., 2019; Emenecker et al., 2021; Huang et al., 2022). 

Very interestingly, post-translational modification in form of phosphorylation within IDRs is 

suggested to be a mechanism to regulate condensate formation (Owen and Shewmaker, 

2019). Ser271/272 is targeted by a FIT-interacting protein kinase that was shown to affect FIT 

activity in vivo and FIT phosphorylation in vitro (Gratz et al., 2019). Hence, phosphorylation of 

Ser271/272 might perhaps be a trigger for NB formation in vivo. 
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Formation of FIT NB could happen de novo but also associate with pre-existing 

condensates in the nucleus 

FIT may have formed FIT NBs as entirely newly formed structures upon the light trigger. 

But it is also possible that FIT joined pre-existing NBs, which then became the structures we 

termed FIT NBs. Partial or full colocalization of FIT-GFP with NB and PB markers revealed the 

remarkably high and intriguing dynamic nature of FIT NBs and suggests that both possibilities 

are plausible. Speaking in favor of pre-existing NBs is on the one hand that FIT NBs are seen 

upon a light trigger. Since FIT does not possess light-responsive domains, it is most likely that 

a light-responsive protein must be inducing FIT NB formation. The basic leucine zipper TF 

ELONGATED HYPOCOTYL5 (HY5) could be a good candidate, since HY5 is a mobile protein 

involved in iron acquisition in tomato (Gao et al., 2021; Guo et al., 2021). Possibly activation 

and condensation involve not only the studied NB and PB markers but also potentially signaling 

proteins or further scaffold proteins that are part of the multivalent protein complexes in FIT 

NBs. On the other hand, FIT-GFP accumulated not only in FIT NBs but also in the pre-existing 

NBs with type II NB markers (SR45 and SRm102) after the FIT NB induction procedure. In this 

respect, type II markers were similar to PIF3 and PIF4. FIT-GFP was recruited to pre-existing 

PBs and again only after the light trigger. Interestingly, typical FIT NB formation did not occur 

in the presence of PB markers, indicating that they must have had a strong effect on recruiting 

FIT. Overall, the dynamics of FIT colocalization with type II NB and PB markers suggest that 

these condensates dictated FIT condensation in their own pre-existing NBs/PBs. This 

recruiting process could be navigated via protein-protein interaction since this is the driving 

force of condensation (Kaiserli et al., 2015; Emenecker et al., 2020). 

Speaking in favor of a de novo FIT NB formation is the localization with type III NB 

markers. The three fully colocalizing type III NB markers (UAP56H2, P15H1 and PININ) 

accumulated only in FIT NBs upon co-expression with FIT and mostly not on their own. The 

same was true for bHLH039, that joins FIT in FIT NBs, showing that FIT not only facilitated 

bHLH039 nuclear localization (Trofimov et al., 2019) but also condensation. Interestingly, FIT 

was able to change PININ nuclear localization. In single expression, PININ was localized to a 

major large NB, but in colocalization with FIT it joined the typical FIT NBs. This suggests that 

FIT dictates bHLH039 and type III NB markers and highlights that FIT is also able to set the 

tone for NB formation. Hence, FIT can recruit other proteins into NBs, and it is possible that 

FIT forms its own NBs. Protein-protein interaction could underly this recruitment, as evident for 

bHLH039 (Kaiserli et al., 2015; Emenecker et al., 2020). Ultimately, as a high diversification of 

condensates exists, a combination of newly formed NBs and localization to pre-existing NBs 

cannot be ruled out. Given the variety of proteins localizing in condensates, effort in isolating 

FIT NBs and identification of proteins within FIT NBs is necessary to further uncover the driving 

forces of FIT NB formation. 
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FIT NBs might have a transcriptional and post-transcriptional function 

Since the type II and III markers are splicing components, the colocalization studies 

suggest that FIT NBs are speckles. On the one hand, the speckle nature coincides well with 

the dynamic nature of FIT NBs. Like FIT NBs, speckles are highly dynamic. They are forming 

around transcriptionally active sites in the interchromatin regions recruiting several protein 

functions like mRNA synthesis, maturation, splicing and export (Reddy et al., 2012; Galganski 

et al., 2017). The type II speckle component SR45, for instance, was shown to be a highly 

mobile protein in speckles and required phosphorylation for proper speckle localization (Ali et 

al., 2003; Reddy et al., 2012). These processes fit well to the described FIT NB attributes. On 

the other hand, speckle components are also linked with epigenetic mechanisms (Mikulski et 

al., 2022). The characterization of FIT NBs as speckles is interesting because regulation of 

splicing and epigenetic regulation is associated with iron deficiency gene expression. Genes 

were spliced incorrectly in a sr45-1 null mutant Arabidopsis line, and gene expression of FIT 

and FIT target genes was increased in sr45-1 seedlings, showing that an interplay between 

SR45 and the iron uptake machinery exists (Fanara et al., 2022). Alternative splicing was 

detected for FIT targets and the BHLH subgroup Ib genes in iron-deficient versus iron-sufficient 

conditions (Li et al., 2013). Hence, FIT NBs may regulate iron uptake gene expression at post-

transcriptional level. Notably, PININ (type III), together with ACINUS, were shown to stabilize 

SR45 (type II) in plants (Bi et al., 2021). Further, UAP56H2, P15H1, and PININ (type III) are 

connected to SR45 and SRm102 (type II) in mammalian cells as all being part of the exon 

junction complex and interacting with each other (Lin et al., 2004; Pendle et al., 2005). This is 

an interesting parallel, as it suggests that type II and type III marker localization is conserved 

across kingdoms, underlying the ancient nature of condensates. Indeed, SR45 and PININ 

located to a very large NB in non-induced cells. This opens the possibility that the two proteins 

might localize to the same speckle, as also might FIT. Taken together, the observations confirm 

the high diversification and complexity of FIT NBs and speckles (Lorković et al., 2008) and it 

is tempting to speculate that FIT might regulate splicing and alternative splicing of its target 

genes by recruiting speckle components. 

FIT is itself a direct target of FIT and the FIT-bHLH039 complex (Wang et al., 2007; 

Naranjo-Arcos et al., 2017), and perhaps FIT NB speckles appear at the FIT transcription site. 

Indeed, coupling of transcription with splicing or alternative splicing is an established idea in 

the mammalian field, and evidence for co-transcriptional splicing in plants is also recently rising 

(Nojima et al., 2015; Zhu et al., 2018; Chaudhary et al., 2019). Mediator complex condensation 

was shown to drive transcriptional control (Boija et al., 2018) and interestingly, FIT was also 

shown to interact with Mediator complexes, directly and indirectly (Yang et al., 2014; Zhang et 

al., 2014). Besides, other studies suggest TF condensation to be involved in transcriptional 

regulation (Kaiserli et al., 2015; Huang et al., 2022). Possibly, the basic region of FIT and  
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Figure 8. Schematic summary models illustrating the dynamics of FIT NB formation, suggesting that FIT 

NBs are related to transcriptional and post-transcriptional regulation in speckles. 

A, Light-induced FIT NB formation in the presence of FIT (top) or FITmSS271AA (bottom) and bHLH039. 

FIT accumulates in FIT NBs, that are of circular shape and may undergo LLPS. FIT homodimers and FIT-bHLH039 

heterodimers are present in the nucleus at t=0 and t=5 min. At t=5 min, homo- and heterodimers are preferentially 

present in FIT NBs versus NP. IDRSer271/272 may be important for multivalency of FIT, as it is disrupted in 

FITmSS271AA. This mutant has low protein interaction ability (see also Gratz et al., 2019). Consequently, 

FITmSS271AA accumulates slowly in NBs (taking up to t=15 min). FIT-bHLH039 is an active TF complex for 

upregulating the expression of iron acquisition genes in roots in contrast to FITmSS271AA-bHLH039 (Gratz et al., 

2019). Hence, FIT NBs are subnuclear sites related to transcriptional regulation and because of their colocalization 
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with speckle components, also to speckles. B, Dynamics of NBs revealed by co-expression. FIT did not colocalize 

with type I NB markers (Cajal body markers; coilin, U2B’’). FIT colocalized with type III markers (speckle 

components; UAP56H2, P15H1, PININ) and these markers adopted the FIT pattern at t=5 min following the light 

trigger. Type II NB markers (speckle components; SR45, SRm102) and PB markers (PIF3, PIF4) localized to their 

own distinct NBs into which FIT became recruited in light-inducible manner. In case of type II NB markers, these 

markers did not localize in FIT NBs. Hence, there is a light-inducible effect acting upon FIT to become recruited by 

type II NBs and PBs or to recruit proteins into its own NBs. In summary, FIT NBs are light-inducible subnuclear sites 

linking transcriptional and post-transcriptional regulation in speckles. 

A, Blue ovals = wild-type FIT; violet ovals = mutant FITmSS271AA; orange ovals = bHLH039. B, grey 

circles = nucleoli; orange circles = NB/PB marker NBs/PBs; blue circles = FIT NBs; lilac circles = colocalization of 

NB/PB marker NBs/PBs and FIT NBs. 

bHLH039 might be accessible for DNA binding either within or outside of NBs to regulate target 

genes (Boija et al., 2018; Brodsky et al., 2020). In further studies, it will be interesting to analyze 

whether DNA and mRNA FIT targets are present inside FIT NBs and whether FIT may also 

interact directly with other speckle components. 

The physiological integration and regulation of the induction of FIT NB formation can 

be subject of future studies. The rapid speed by which FIT NB appeared within 5 min in 

N. benthamiana leaf cells speaks in favor of protein rearrangement rather than protein 

synthesis. The long duration of FIT NB formation after blue light induction in Arabidopsis roots 

suggests that signal transduction was more complex and possibly involved intracellular or even 

cell-to-cell and long-distance leaf-to-root signaling. In how far a long-distance signal or a 

signaling cascade triggered by light is involved in FIT NB formation in roots remains to be 

investigated, but CRY1/CRY2 and HY5 are promising candidates for further studies (Gao et 

al., 2021; Guo et al., 2021). In order to undergo phase separation, a certain protein 

concentration must be reached (Bracha et al., 2018). Since FIT protein is subject of 

proteasomal turnover in roots, FIT NB formation may depend on FIT protein interaction 

partners in roots that need to be activated (Lingam et al., 2011; Meiser et al., 2011). 

In summary, FIT engages in protein complexes inside dynamic NBs. FIT NBs contain 

active TF complexes for iron acquisition gene expression (Figure 8A). FIT NBs are speckles 

that link transcriptional with post-transcriptional regulation (Figure 8B). The appearance of FIT 

NBs is inducible by light, and light-regulated PB components are connected with FIT NBs and 

vice versa. It will be interesting in the future to test hormonal and environmental triggers that 

may stabilize FIT protein prior to examining the initiation of FIT NBs in root physiological 

situations and to investigate the effects on transcriptional and post-transcriptional regulation of 

FIT targets.  
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Materials and methods 

Plant material and growth conditions 

Arabidopsis thaliana 2x35Spro:FIT-GFP/fit-3 seedlings (Gratz et al., 2019) were used 

for localization studies. Seeds were sterilized and grown upright on Hoagland medium plates 

(macronutrients: 1.5 mM Ca(NO3)2 · 4H2O, 0.5 mM KH2PO4, 1.25 mM KNO3, 0.75 mM MgSO4 

· 7H2O; micronutrients: 0.075 µM (NH4)6Mo7O24 · 4H2O, 1.5 µM CuSO4 · 5H2O, 50 µM H3BO3, 

50 µM KCl, 10 µM MnSO4 · H2O, 2 µM ZnSO4 · 7H2O; 1.4% (w/v) plant agar, 1% (w/v) sucrose, 

pH 5.8) with no iron supply for 5 d under long day conditions (16 h light/8 h dark) at 21°C in a 

plant chamber (CLF Plant Climatics) under white light (120 µmol m-2 s-1). Nicotiana 

benthamiana plants for transient protein expression were grown in the greenhouse facility for 

approx. 4 weeks under long day conditions (16 h light/8 h dark). 

Microscopy of Arabidopsis thaliana seedlings 

Protein localization studies in roots of 5-d-old seedlings of the Arabidopsis thaliana line 

2x35Spro:FIT-GFP/fit-3 (Gratz et al., 2019) were performed with the widefield microscope 

ELYRA PS (Zeiss) equipped with a EMCCD camera. Whole seedlings were exposed to blue 

light, either for 2 h within a plant chamber (CLF Plant Climatics, 440-500 nm, 55 μmol m-2 s-1) 

or by exposure to 488 nm laser light for several minutes. GFP was excited with a 488 nm laser 

and detected with a BP 495-575 + LP 750 beam splitter. Images were acquired with the C-

Apochromat 63x/1.2 W Korr M27 (Zeiss) objective, pixel dwell time of 1.6 µs and frame size of 

512x512. Pictures were processed with the manufacturer’s software ZEN lite (Zeiss). 

Generation of fluorescent constructs 

All constructs used in this study are listed in Supplemental Table S1. Generation of 

fluorescent translational C-terminal fusion of PIF3 and PIF4 with mCherry was performed with 

Gateway Cloning. CDS of PIF3 was amplified with the PIF3 GW fw (5`-

GGGGACAAGTTTGTACAAAAAAGCAGGCTATGCCTCTGTTTGAGCTT-3’) and PIF3 GW rv 

(5’-GGGGACCACTTTGTACAAGAAAGCTGGGTCCGACGATCCACAAAACTG-3’) primers, 

and CDS of PIF4 was amplified with the PIF4 GW fw (5’-

GGGGACAAGTTTGTACAAAAAAGCAGGCTATGGAACACCAAGGTTGG-3’) and PIF4 GW 

rv (5’-GGGGACCACTTTGTACAAGAAAGCTGGGTCGTGGTCCAAACGAGAACC-3’) 

primers, and introduced into the entry vector pDONR207 via the BP reaction (Life 

Technologies) and subsequently into the inducible pABind 35Spro:mCherry destination vector 

(Bleckmann et al., 2010) via the LR reaction (Life Technologies). Finally, Rhizobium 

radiobacter was transformed with the constructs for transient transformation of Nicotiana 

benthamiana leaf epidermal cells. 
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Transient transformation of Nicotiana benthamiana leaf epidermal cells 

Transient protein expression was performed in Nicotiana benthamiana leaf epidermal 

cells according to Bleckmann et al. (2010). This was performed for localization studies, FRAP 

measurements, anisotropy (homo-FRET) measurements, FRET-FLIM measurements, and NB 

quantification. Cultures of Rhizobium radiobacter containing the construct of interest 

(Supplemental Table S1) were incubated overnight and cell were pelleted and dissolved in 

AS medium (250 µM acetosyringone (in DMSO), 5% (w/v) sucrose, 0.01% (v/v) silwet, 0.01% 

(w/v) glucose). An OD600nm of 0.4 was set for all constructs. A Rhizobium radiobacter strain 

containing the silencing repressor p19 vector (Shamloul et al., 2014) was used additionally for 

bHLH039-mCherry to enhance expression. After 1 h incubation on ice the suspension was 

infiltrated with a syringe into the abaxial side of the leaf. Nicotiana benthamiana plants were 

kept under long day conditions (16 h light/8 h dark) in the laboratory after infiltration. Imaging 

was performed 2-3 d after infiltration. Expression of constructs with an inducible 35S promoter 

was induced 16 h prior to imaging with β-estradiol (20 µM β-estradiol (in DMSO), 0.1% (v/v) 

Tween 20). 

Confocal microscopy 

For localization studies a confocal laser scanning microscope LSM780 (Zeiss) was 

used. Imaging was controlled by the ZEN 2.3 SP1 FP3 (Black) (Zeiss) software. GFP was 

excited with a 488 nm laser and detected in the range of 491-553 nm. mCherry and mRFP 

were excited with a 561 nm laser and detected in the range of 562-626 nm. Fluorophore 

crosstalk was minimized by splitting of the excitation tracks and reduction of emission spectrum 

overlap. Images were acquired with the C-Apochromat 40x/1.20 W Korr M27 (Zeiss) objective, 

zoom factor of 8, pinhole set to 1,00 AU, pixel dwell time of 1.27 µs and frame size of 

1.024x1.024. Z-stacks for quantification were taken with the same settings, except with pixel 

dwell time of 0.79 µs and frame size of 512x512. Pictures were processed with the 

manufacturer’s software ZEN lite (Zeiss). 

Standardized FIT NB analysis procedure 

Following Nicotiana benthamiana leaf infiltration with Rhizobium radiobacter, FIT-GFP 

protein expression was induced after 2-3 d by β-estradiol, as described above. 16 h later, a 

leaf disc was excised and FIT-GFP fluorescence signals were recorded (t=0). The leaf disc 

was excited with 488 nm laser light for 1 min. 5 min later, FIT-GFP accumulation in FIT NBs 

was observed (t= 5 min). See Supplemental Figure S1. This procedure was modified by using 

different time points for NB analysis and different constructs (Supplemental Table S1) and 

co-expression as indicated in the text. Imaging was performed at the respective wavelengths 

for detection of GFP and mRFP/mCherry, respectively. 
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FRAP measurements 

FRAP measurements (Bancaud et al., 2010; Trofimov et al., 2019) were performed at 

the confocal laser scanning microscope LSM780 (Zeiss). Imaging was controlled by the ZEN 

2.3 SP1 FP3 (Black) (Zeiss) software. GFP was excited with a 488 nm laser and detected in 

the range of 491-553 nm. Images were acquired with the C-Apochromat 40x/1.20 W Korr M27 

(Zeiss) objective, zoom factor of 8, pinhole set to 2,43 AU, pixel dwell time of 1.0 µs, frame 

size of 256x256, and 300 frames. After 20 frames, a NB was bleached with 50 iterations and 

100% 488 nm laser power. Fluorescence intensity was recorded for the bleached NB (ROI), a 

non-bleached region equal in size to the NB (BG) as well as for the total image (Tot). Values 

were calculated and processed in Excel (Microsoft Corporation). Background subtraction and 

normalization to calculate the relative fluorescence intensity was performed as follows: 

[(ROI(t)-BG(t)/Tot(T)-BG(t))*(Tot(t0)-BG(t0)/ROI(t0)-BG(t0))]. The mobile fraction was 

calculated as follows: [(Fend-Fpost)/(Fpre-Fpost)*100]. Fpre marks the average of the 20 values 

before bleaching, Fpost marks the value right after the bleaching, and Fend marks the average 

of the 280 values after the bleaching. Pictures were processed with the manufacturer’s 

software ZEN lite (Zeiss). Total number of 10 measurements were performed in 3 independent 

experiments. 

Anisotropy (homo-FRET) measurements 

Anisotropy measurements (Stahl et al., 2013; Weidtkamp-Peters et al., 2022) were 

performed at the confocal laser scanning microscope LSM780 (Zeiss) equipped with a 

polarization beam splitter, bandpass filter (520/35), and a single-photon counting device 

HydraHarp (PicoQuant) with avalanche photo diodes (τ-SPADs). Emission was detected in 

parallel and perpendicular orientation. Rhodamine 110 was used to determine the G factor to 

correct for the differential parallel and perpendicular detector sensitivity. Calibration of the 

system was performed for every experiment and measurements were conducted in darkness. 

Free GFP and GFP-GFP were used as references for mono- and dimerization, respectively. 

GFP was excited with a linearly polarized pulsed (32 MHz) 485 nm laser and 0.05-1 µW output 

power. Measurements were recorded with a C-Apochromat 40x/1.20 W Korr M27 (Zeiss) 

objective, zoom factor of 8, pixel dwell time of 12.5 µs, objective frame size of 256x256, and 

40 frames. Measurements were controlled with the manufacturer’s ZEN 2.3 SP1 FP3 (Black) 

(Zeiss) software and SymPhoTime 64 (PicoQuant) software. SymPhoTime 64 (PicoQuant) 

software was used for analysis in the respective regions of interest (whole nucleus, NB, NP) 

and to generate color-coded FA value images. Minimal photon count was set to 200. Total 

number of 10-15 measurements per construct were performed in at least 2 independent 

experiments. 
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FRET-FLIM measurements 

FRET-FLIM measurements (Borst and Visser, 2010; Weidtkamp-Peters and Stahl, 

2017) were taken at the confocal laser scanning microscope FV3000 (Olympus) equipped with 

a multi-photon counting device MultiHarp 150 (PicoQuant) with avalanche photo diodes (τ-

SPADs) and bandpass filter (520/35). Erythrosine B (quenched in saturated potassium iodide) 

was used to record the Instrument Response Function to correct for the time between laser 

pulse and detection. Calibration of the system was performed for every experiment and 

measurements were conducted in darkness. FIT-GFP and FITmSS271AA-GFP were used as 

negative controls (donor only), FIT-GFP or FITmSS271AA-GFP (donor) and bHLH039-

mCherry (acceptor) as FRET pair. GFP was excited with a linearly polarized pulsed (32 MHz) 

485 nm laser and 0.01-0.1 µW output power. Measurements were recorded with a UPLSAPO 

60XW (Olympus) objective, zoom factor of 8, pixel dwell time of 12.5 µs, objective frame size 

of 256x256, and 60 frames. Measurements were controlled with the manufacturer’s FV31S-

SW (Olympus) software and SymPhoTime 64 (PicoQuant) software. SymPhoTime 64 

(PicoQuant) software was used for analysis in the respective regions of interest (whole 

nucleus, NB, NP) and to generate color-coded fluorescence lifetime value images. Number of 

parameters for the fit depended on the region of interest. Total number of 10 measurements 

per construct were performed in at least 2 independent experiments. 

Circularity quantification 

Circularity quantification was performed with the software ImageJ (National Institutes 

of Health). Full intensity projection images were generated from Z-stacks in the ZEN lite (Zeiss) 

software and exported as TIFF (no compression, all dimensions). Images were duplicated in 

ImageJ and converted to RGB and 8-bit. Correct scale was set (in µm) under ‘Analyze’ - ‘Set 

Scale’. Threshold for the intensity limit (areas below that limit were not considered for 

quantification) was set under ‘Image’ - ‘Adjust’ - ‘Threshold’ and was set manually for every 

image. To separate the nuclear bodies better, ‘Process’ - ‘Binary’ - ‘Watershed’ was used. 

Parameters that should be quantified were selected under ‘Analyze’ - ‘Set Measurements’. To 

perform the analysis, ‘Analyze’ - ‘Analyze Particles’ was selected. Calculated values were 

further processed in Excel (Microsoft Corporation). Total number of 15 images were quantified 

from 2 independent experiments. 

Nuclear body quantification 

Nuclear body quantification was performed with the software ImageJ (National 

Institutes of Health) and additional plugin ‘3D Object Counter’. Z-stacks were exported from 

the ZEN lite (Zeiss) software as TIFF (no compression, all dimensions) first. In ImageJ, Z-

stacks were converted to RGB and 8-bit. Correct scale was set (in µm) under ‘Properties’. 

Parameters that should be quantified were selected under ‘Plugins’ - ‘3D Object Counter’ - ‘Set 

3D Measurements’. To perform the analysis, ‘Plugins’ - ‘3D Object Counter’ - ‘3D object 
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counter’ was selected. Threshold for the intensity limit (areas below that limit were not 

considered for quantification) was set manually for every z-stack. Calculated values were 

further processed in Excel (Microsoft Corporation). Only size between 0,01-15 µm³ was 

considered. Total number of 15 z-stacks per construct were quantified from 2 independent 

experiments. 

Protein domain prediction 

IDRs in FIT/FITmSS271AA were predicted with the tool PONDR-VLXT 

(www.pondr.com, Molecular Kinetics, Inc.). According to the sequence of the protein, a 

PONDR score was determined for each amino acid. A score above 0.5 indicates intrinsic 

disorder. The bHLH domain of FIT was predicted with InterPro (www.ebi.ac.uk/interpro, EMBL-

EBI). 

Statistical analysis 

Line and bar diagrams represent the mean and standard deviation. Box plots show 25-

75 percentile with min-max whiskers, mean as small square and median as line. Graphs and 

statistical analysis were created and performed with OriginPro (OriginLab Corporation). Data 

was tested for normal distribution with the Shapiro-Wilk test. Statistical significance of data 

with normal distribution was tested by one-way Anova with Tukey post-hoc test. Statistical 

significance of data with non-normal distribution was tested by Mann-Whitney test. Different 

letters indicate statistically significant differences (P < 0.05). Illustrations were created with 

BioRender.com. 

Accession numbers 

Sequence data from this article can be found in the EMBL/GenBank data libraries under 

accession numbers: bHLH039 (AT3G56980), COILIN (AT1G13030), FIT (AT2G28160), 

P15H1 (AT1G11570), PIF3 (AT1G09530), PIF4 (AT2G43010), PININ (AT1G15200), SR45 

(AT1G16610), SRm102 (AT2G29210), U2B” (AT2G30260), UAP56H2 (AT5G11170), and 

ZAT12 (AT5G59820). 
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Supplemental Data 

Supplemental Figure S1. A standardized FIT NB analysis procedure was developed to 

analyze the characteristics and dynamics of FIT NBs. (Supports Figure 1) 

Supplemental Figure S2. An intrinsically disordered region, IDRSer271/272, is present in the FIT 

C-terminus and disrupted in the FITmSS271AA mutant. (Supports Figure 2, 3, and 4) 

Supplemental Figure S3. FIT NBs did not colocalize with Cajal body components (designated 

type I). (Supports Figure 5 and 6) 

Supplemental Figure S4. Type II and III NB markers are similarly localized upon single 

expression as upon co-expression with FIT, except PININ. (Supports Figure 5 and 6) 

Supplemental Figure S5. PB markers are similarly localized upon single expression and upon 

co-expression with FIT. (Supports Figure 7) 

Supplemental Table S1. List of vectors used in this study. 

Supplemental Movie S1. Light induction triggers the formation of NBs with FIT and 

FITmSS271AA with different dynamics. (Supports Figure 1 and 2) 
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Supplemental figures, movies, tables and legends 

Supplemental Figure S1. A standardized FIT NB analysis procedure was developed to analyze the 

characteristics and dynamics of FIT NBs. (Supports Figure 1) 

Experimental steps for FIT NB induction in transiently transformed N. benthamiana leaf epidermis cells. 

Fluorescence protein expression was induced by β-estradiol (‘induction of protein expression’) 16 h prior to imaging 

and measurements. Leaf discs were excised, and initial fluorescence images and measurements were taken (‘data 

acquisition t=0’). Leaf discs were exposed to 488 nm laser light as a light trigger for 1 min (‘light induction of NB 

formation’), and 5 min later, fluorescence images and measurements were taken again (‘data acquisition t=5). With 

this procedure, FIT NBs were visible, and their characteristics could be analyzed. In some cases, fluorescence 

images and measurements were taken at t=15 min, as indicated in the text. Imaging was performed at the 

respective wavelengths for detection of GFP and mRFP/mCherry, respectively. 
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Supplemental Figure S2. An intrinsically disordered region, IDRSer271/272, is present in the FIT C-terminus 

and disrupted in the FITmSS271AA mutant. (Supports Figure 2, 3, and 4) 

Diagrams representing the PONDR scores for each amino acid position in A, FIT, and B, FITmSS271AA 

protein sequences. Analysis was performed via the tool PONDR-VLXT (Molecular Kinetics, Inc.). A score >0.5 

indicates intrinsic disorder. The 0.5 threshold is marked with a red line. Above the graph, schematic representation 

of FIT protein showing the position of the bHLH domain in grey (126-201 aa) and subdivided into the basic region 

in blue (DNA binding site, 132-162 aa) and the helix-loop-helix region in black (dimerization site, 142-201 aa). 

Domain prediction was performed with InterPro (EMBL-EBI). FIT has four regions with a score >0.5 that are 

predicted IDRs, two of them in the C-terminal part following the bHLH domain, with one out of them comprising the 

position SS271/272, indicated by an arrowhead, termed IDRSer271/272. In FITmSS271AA, the PONDR score dropped 

for this region below the threshold. 
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Supplemental Figure S3. FIT NBs did not colocalize with Cajal body components (designated type I). 

(Supports Figure 5 and 6) 

Confocal images showing localization of FIT-GFP and NB markers (type I) upon co-expression in the 

nucleus at t=5 min. Co-expression of FIT-GFP with A, coilin-mRFP, and B, U2B”-mRFP. FIT NBs were present at 

t=5 min and did not colocalize with NBs of the two markers. 

Scale bar: 2 µm. Arrowheads indicate non colocalizing NBs. G = GFP; R = mRFP. Fluorescence protein 

analysis was conducted in transiently transformed N. benthamiana leaf epidermis cells, following the standardized 

FIT NB analysis procedure. 
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Supplemental Figure S4. Type II and III NB markers are similarly localized upon single expression as upon 

co-expression with FIT, except PININ. (Supports Figure 5 and 6) 

Confocal images showing localization of NB markers (type II and III) upon their single expression in the 

nucleus at t=0 and t=5 min, in A, SR45-mRFP, B, SRm102-RFP, C, UAP56H2-mRFP, D, P15H1-mRFP, and E, 

PININ-mRFP. Single SR45-mRFP and SRm102-RFP localized in NBs similar to the colocalization with FIT at t=0 

and t=5 min (compare with Figure 5). Single UAP56H2-mRFP and P15H1-mRFP did not localize in NBs and were 

uniformly distributed, similar to the colocalization with FIT at t=0 (compare with Figure 6, A and B). Only single 

PININ-mRFP showed a different localization pattern between its single expression versus co-expression with FIT-

GFP. Upon single expression it localized in NBs at t=0 and t=5 min, while in co-expression with FIT-GFP it showed 

no NBs at t=0 but followed the FIT NB pattern at t=5 min (compare with Figure 6C). 

Scale bar: 2 µm. Arrowheads indicate NBs. R = mRFP. Fluorescence protein analysis was conducted in 

transiently transformed N. benthamiana leaf epidermis cells, following the standardized FIT NB analysis procedure.  
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Supplemental Figure S5. PB markers are similarly localized upon single expression and upon co-

expression with FIT. (Supports Figure 7) 

Confocal images showing localization of PB markers upon their single expression in the nucleus at t=0 

and t=15 min, in A, PIF3-mCherry, and in B and C, PIF4-mCherry in two different patterns. Single PIF3-mCherry 

localized to a very large PB at t=0 and t=15 min. Single PIF4-mCherry localized either in a uniform manner in the 

nucleus as seen in B, or in several PBs as seen in C. Hence, PIF3-mCherry and PIF4-mCherry were similarly 

localized in single expression as upon co-expression with FIT-GFP (compare with Figure 7). 

Scale bar: 2 µm. Arrowheads indicate NBs. C = mCherry. Fluorescence protein analysis was conducted 

in transiently transformed N. benthamiana leaf epidermis cells, following the standardized FIT NB analysis 

procedure. 

  



Manuscript I 

170 

Supplemental Movie S1. Light induction triggers the formation of NBs with FIT and FITmSS271AA with 

different dynamics. (Supports Figure 1 and 2) 

Time series showing representative localization of A, FIT-GFP, B, ZAT12-GFP, and C, FITmSS271AA-

GFP, each of them from 0 to 20 min after the light trigger in the nucleus. Pictures were taken in 15-sec intervals. 

FIT-GFP accumulated in NBs within the first minutes after light excitation. ZAT12-GFP did not show NB formation 

and was a negative control to show that GFP did not cause the NB effect. FITmSS271AA-GFP accumulated late in 

NBs (starting at 10 min), which were also smaller in size, indicating that Ser271/272 is important.  

Scale bar: 2 µm. G = GFP. Fluorescence protein analysis was conducted in transiently transformed 

N. benthamiana leaf epidermis cells, following the standardized FIT NB analysis procedure. 
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Supplemental Table S1. List of vectors used in this study. 

Vector Application Source 

ipABind:cFIT-GFP Imaging, FRAP, anisotropy, FRET-FLIM Gratz et al., 2019 

ipABind:cFIT-mCherry Imaging 

ipABind:cFITmSS271AA-GFP Imaging, anisotropy, FRET-FLIM 

ipABind:cbHLH039-mCherry Imaging, FRET-FLIM Trofimov et al., 2019 

pMDC83:ZAT12-GFP Imaging Le et al., 2016 

pROK2:COILIN-mRFP Imaging The Plant Nuclear Marker 

collection (NASC) pROK2:P15H1-mRFP Imaging 

pROK2:PININ-mRFP Imaging 

pROK2:SR45-mRFP Imaging 

pROK2:SRm102-mRFP Imaging 

pROK2:U2B“-mRFP Imaging 

pROK2:UAP56H2-mRFP Imaging 

ipABind:cPIF3-mCherry Imaging this study 

ipABind:cPIF4-mCherry Imaging 
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10 Concluding remarks 

This thesis elaborated two levels of iron uptake regulation. On the one hand, we 

showed that FIT undergoes post-translational modification in form of phosphorylation events 

which alter its interaction. On the other hand, we showed a dynamic subcellular organization 

of FIT and bHLH039, which most likely is another level of controlling iron uptake. 

Unlike its target genes, FIT is transcribed predominately during the night, when no iron 

uptake usually takes place (Santi and Schmidt, 2009). This suggests that FIT protein is readily 

available when iron uptake is demanded during the day to act fast on target gene transcription 

and therefore adapting iron uptake in a rapid manner to environmental changes. Hence, a 

post-translational modification must be in place to regulate FIT protein activation and the iron 

uptake module FIT-bHLH039 to initiate the iron uptake machinery, but also deactivation to stop 

the uptake to avoid toxicity. It was suspected that FIT exist in two pools of active and inactive 

protein (Lingam et al., 2011; Meiser et al., 2011; Sivitz et al., 2011). The identification of 

possible serine and tyrosine phosphorylation sites enabled to assess their influence on FIT-

bHLH039 interaction. bHLH TFs act in dimers (Heim et al., 2003) and a functional heterodimer 

of FIT and bHLH039 is essential for iron uptake regulation, as neither FIT nor bHLH039 can 

upregulate iron uptake alone (Yuan et al., 2008; Wang et al., 2013; Naranjo-Arcos et al., 2017). 

Phospho-dead FITmSS271AA was engaging less in interaction. Reduced capacity to interact 

with bHLH039 explains FITmSS271AA mutant inability to complement fit mutant plants. 

Hence, phosphorylation activates FIT protein, enabling a proper heterodimerization with 

bHLH039 to drive iron uptake. 

Equally important to the activation is the deactivation of FIT that could be demonstrated 

by the phospho-mimicking FITmY278E form. FITmY278E showed reduced interaction capacity 

with bHLH039 and lower protein stability. Most likely, FIT is released from its interaction partner 

upon Tyr278 phosphorylation and subjected to degradation. By this, a previously active and 

‘used’ FIT is removed to keep the iron uptake regulation modifiable. 

We could show that bHLH039 is not localized in the nucleus without FIT and retained 

in the cytoplasm in cytoplasmic foci. Other proteins were previously shown to localize in 

cytoplasmic foci as well when not correctly localized in the nucleus (Rösler et al., 2007; Ivanov 

et al., 2008). A TF in the cytoplasm is associated with an inactive form (Allen and Strader, 

2021). Since these foci are immobile, bHLH039 probably remains in an inactive state as the 

immobility is indicative of a pathological state. This is supported by the fact that bHLH039 

requires functional FIT for action, which in turn positively regulates FIT transcription (Naranjo-

Arcos et al., 2017). Therefore, nuclear localization of bHLH039 is favorable for the upregulation 

of the iron uptake machinery, but dependent on FIT presence. A possibility by how FIT is 

dictating bHLH039 localization could be interaction that either recruits bHLH039 into the 

nucleus or prevents bHLH039 from exiting the nucleus (possibility (ii) of nucleocytoplasmic 

partitioning elucidated in 4.2). Remarkably, an analogue nucleocytoplasmic partitioning was 



Concluding remarks 

174 

observed in rice for bHLH039 orthologue OsIRO2 (Liang et al., 2020; Wang et al., 2020). This 

suggests that nucleocytoplasmic partitioning of bHLH039 could be a common and conserved 

feature within iron uptake regulation of Strategy I and II plants. 

Contrarily, FIT localization did not depend on bHLH039, but it changed from a 

homogenous distribution within the nucleus to NBs. FIT NB formation goes along with the 

reduced FIT mobility and also the predominant localization in the nucleus. Compared to the 

phospho-dead FITmSS271AA, wild-type FIT had a stronger and faster NB formation, and 

stronger homodimerization within NBs. Since FIT homodimers are not sufficient for iron uptake 

(Yuan et al., 2008), the localization of FIT homodimers within NBs could be an initiating step 

for NB formation. FIT could possibly recruit bHLH039 into NBs by interaction, creating a hub 

for the iron uptake module. In favor of this speaks that FIT also heterodimerized stronger with 

bHLH039 in NBs compared to FITmSS271AA. As condensation mainly depends on 

interactions, wild-type FIT has the advantage of proper homo- and heterodimerization, while 

this is reduced in FITmSS271AA. Here, phosphorylation as well as the presence of IDRSer271/272 

is an important factor, as this keeps wild-type FIT in the nucleus, probably by interaction with 

other proteins, and in turn affecting its mobility due to the increasing size of the complex. 

Possibly, a combination of loss of phosphorylation as well as loss of IDR in the C-terminus 

could synergistically lead to a conformational change of FIT protein and influence FIT 

multivalency and condensation. When FIT localizes in condensates, it colocalizes there with 

bHLH039, but also proteins involved in splicing, thus this type of condensate could have a role 

in transcriptional or post-transcriptional regulation, possibly of FIT target genes. 

Evidence exists that a light- or circadian clock-dependent iron uptake regulation takes 

place, showing that iron uptake is a process adjusting to the environmental conditions. We 

have seen FIT NB formation as a consequence of blue light excitation. Blue and red light are 

usually absorbed in the scope of photosynthesis and can therefore be signals for a 

photosynthetically active period (Smith et al., 2017). This could serve as a cue for the plant 

that iron sinks are active, and iron is needed. Subsequently, initiation of NB formation, which 

in turn spatially concentrates the iron uptake module, could be a way to meet the iron demand. 

In summary, this work has provided a detailed insight into the regulation of FIT. FIT is 

underlying a dual regulation via phosphorylation which affects its interaction within the iron 

uptake module with bHLH039. The subcellular localization showed that bHLH039 localization 

is dependent on FIT and that their interaction is concentrated within condensates, suggesting 

an additional level of regulation within iron uptake. 

Further research will be necessary to understand the exact signaling mechanism that 

connects FIT activation and FIT NB formation. Particularly, identifying factors that navigate FIT 

NB formation will help to fully understand FIT NB function and might provide a link to 

environmental cues.
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