
ABSTRACT 

MUHAMMAD, DURRESHAHWAR. Characterizing Spatial Dynamics of Regulatory 
Mechanisms Involved in Plant Iron Homeostasis. (Under the direction of Dr. Terri A. 
Long). 
 
Iron homeostasis is tightly regulated in both plants and animals. In Arabidopsis 

thaliana, transcriptional control of iron acquisition and transport is performed by 

several well-characterized Transcription Factors (TFs). One of these TFs, POPEYE 

(PYE) is known to influence the iron deficiency response. Moving beyond PYE, 

additional information is needed for the whole root regulatory network which 

connects regulating TFs with each other and to their targets. Even less is known 

about the cell-specific mechanisms which control the iron deprivation response. In 

multicellular organisms such as plants, all cells contain the same genetic 

information, yet distinct cell types arise due largely to differences in gene regulatory 

processes. As such, distinct cell types also exhibit different regulatory responses 

when stressed. In collaboration with electrical engineers, we first explore a 

computational approach to modeling interactions between early activated 

transcriptional regulators and known iron response TFs in the whole root iron 

deprivation response, including PYE. An initial step-wise algorithm (Cluster and 

Differential Alignment Algorithm (CDAA)) was developed as the foundation for a 

system of Ordinary Differential Equations that was descriptive and predictive of gene 

dynamics. Here we gather additional experimental data to be included in the creation 

of a dynamic model for validation. Next, we narrow our focus to the cell-type specific 

mechanisms involved in iron homeostasis, where we identified novel gene 

expression profiles in the epidermis and characterized the importance of PYE 



intercellular movement and cell-type specific localization within the root. Finally, we 

explored PYE function in iron sufficient conditions and potential novel interactors. 

The results of this research expand on the sub-cellular and cell-specific mechanisms 

involved in iron homeostasis and emphasize the effectiveness of collaborative 

approaches in studying biological systems. 
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CHAPTER 1: Introduction 

Overview 

Anaemia induced by iron deficiency effects over 1.5 billion people globally. Increasing 

iron content in crops through biofortification is considered a viable global tool for 

intervention by 2025 (World Health Organization, 2018). Although, iron is the fourth 

most abundant element in Earthôs crust, crop yield and human health is negatively 

affected by iron deficiency. The cause of this phenomenon is largely due to the nature 

of iron and soil composition. Iron is readily oxidized and its availability within the soil is 

dictated by the soil redox potential and pH. Thirty percent the world's cropland is too 

alkaline, where iron is predominantly in the form of insoluble ferric oxides. Alternatively, 

in areas where soil acidification has occurred due to the oxidized state caused by high 

annual rainfall or farming practices, iron is primarily found in the soluble form, ferrous 

oxide (Merry, 2009). Therefore, advances in our understanding of the complex 

processes plants utilize to manage changes in iron availability and localization 

throughout their growth and development is essential for crop biofortification. To 

eliminate iron induced anaemia, it is essential to engineer plants that are capable of 

adjusting to changing iron availability within different soil composition and directing the 

acquired iron to the best locations within the plant for optimal growth and development. 

Additionally, changing climates as a result of global warming effects iron deficiency in 

plants, as strategies for iron acquisition are reduced in low temperature soil (Marschner, 

Römheld and Kissel, 1986). In this study we examined molecular and physiological 

responses of the model species A. thaliana to iron deficiency. Specifically, we explore 

the role of an iron deficiency induced non-cell-autonomous basic helix-loop-helix (bHLH) 
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transcription factor (Chapter 6, Chapter 6 Addendum I, and Chapter 6 Addendum II). 

This exploration led us to further questions regarding how Arabidopsis responds to iron 

deficiency within specific cell types (Chapter 5, Chapter 6), as well as iron toxicity 

(Chapter 6 Addendum II), and how we can use mathematical modeling approaches to 

learn more about these processes (Chapter 2, Chapter 3, Chapter 4). Here, we 

introduce the current status of our understanding of iron homeostasis in plants. We 

describe how both molecular and systems biology approaches are being used to gain 

insight into how plants respond to this essential mineral and conclude with future 

perspectives for how we can advance plant iron homeostasis through diverse 

approaches in Arabidopsis thaliana.    

1. Iron Homeostasis in Arabidopsis thaliana  

Iron Deficiency  

Plants are sessile organisms that developed strategies to manage biotic (Virus, 

bacteria, fungus, herbivores, pest) and abiotic (temperature, water, salinity, metals, 

nutrition) stressors. Iron deficiency stress is problematic due to the vital role of iron in 

photosynthesis, where it is estimated that a combined 22 iron atoms per photosynthetic 

chain reaction are used in photosystem I and II, cytochrome b6ïf complex, and 

ferredoxin (Varotto et al., 2002). Iron is one of the most abundant elements in soil, 

however in alkaline soils, free Fe(III) and Fe(II) are found at concentrations less than 

10ī15 M, which is lower than the plants requirements of 10-7 Fe(II) (Lindsay and Schwab, 

1982). Plants have developed two strategies to manage the discrepancy between 

available soluble iron in the soil and their iron requirements for proper growth and 

development. Strategy II, seen in grasses are characterized by two processes, release 
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of phytosiderophores into the rhizosphere. The phytosiderophores bind Fe(III) and 

transport iron across the plasma membrane of root cells. Dicots and nongraminaceous 

Monocots plant species utilize Strategy I iron acquisition to mobilize and uptake iron 

from the rhizosphere (Marschner, Römheld and Kissel, 1986). Strategy I will be the 

focus throughout the research.   

Strategy I iron acquisition is characterized by three separate processes which, taken 

together, increase iron uptake. Acidification of the surrounding rhizosphere occurs 

through the induction of plasma membrane proton-ATPases (Chaney et al., 1972, 

Bienfait et al., 1983) leading to H+ extrusion, followed by induction of plasma 

membrane-bound Fe(III) reductase and extrusion of chelators. Rhizosphere acidification 

aids in iron uptake, it is believed to mainly act to free iron from oxide and induce 

reductase activity which reduces ferric iron (Fe (III)) to ferrous iron (Fe (II)) at the 

plasma membrane and is the rate limiting step in iron acquisition (Bienfait et al., 1983, 

Connolly et al., 2003, Morrissey and Guerinot, 2010). The increase in chelators with a 

high affinity for binding metal ions provide safe transport of iron across the plasma 

membrane (Marschner, Römheld and Kissel, 1986, Marschner and Römheld, 1994).  

Molecular regulation of Strategy I acidification, reduction and transport in response to 

iron deficiency is transcriptionally controlled by the basic helix-loop-helix (bHLH) 

transcription factor FER-LIKE FE DEFICIENCY INDUCED TRANSCRIPTION FACTOR 

(FIT) and its binding partners bHLH38 and bHLH39 (Colangelo and Guerinot, 2004, 

Yuan et al., 2008). In A. thaliana, the acidification activity is performed by AHA1, AHA2, 

and AHA7 which are upregulated in the root epidermis in response to iron deficiency 

(Dinneny et al., 2008). AHA2 encodes the primary H+-ATPase responsible for 
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rhizosphere acidification in response to low iron availability (Colangelo and Guerinot, 

2004, Santi and Schmidt, 2009). FERRIC CHELATE REDUCTASE 2 (FRO2) reduces 

ferric iron to ferrous iron by transferring electrons from NADH+ across four heme groups 

to iron in the rhizosphere (Eide et al. 1996, Robinson et al., 1999). This activity is 

followed by ferrous iron transport across the plasma membrane into the epidermis by 

IRON-REGULATED TRANSPORTER 1 (IRT1), where its lateral polarity within the 

plasma membrane of epidermal root cells is required for iron transport (Varotto et al., 

2002, Barberon et al., 2014).  

Iron deficiency in plants elicits molecular, physiological, and morphological 

modifications that are easily assess. Alterations in gene and protein dynamics, iron 

reductase activity and rhizosphere acidification, chlorosis and primary root growth 

inhibition and root hair induction, respectively, are used for studying iron deficiency.   

Iron Toxicity  

There is a narrow iron concentration range required by plants to maintain proper iron 

homeostasis at the cellular and whole plant level. Iron toxicity, which leads to P, K, Ca, 

Mg and Zn deficiencies and reactive oxygen species induced cellular damage, results in 

biomass reduction, root growth inhibition, leaf bronzing and necrosis (Tanaka, Loe and 

Navasero, 1966, Li, Kronzucker and Shi, 2015, Zhang et al., 2018). Yet the effects of 

iron toxicity in plants has received far less attention than that of iron deficiency. In 

particular, the main research on iron toxicity is isolated to lowland rice, where reduced 

overall rice grain yield varies between cultivars, but complete crop failure arises when 

toxicity occurs in younger stages (Audebert and Sahrawat, 2000, Wu et al., 2014). 

Lowland grown rice often experience flooded fields, which is an iron reducing 
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environment, leading to iron toxicity. Currently a combination of studying tolerant 

cultivars and soil and nutrient management are used to combat iron toxicity. However, 

similar to iron deficiency, using the model plant, A. thaliana to analyze transcriptome 

and proteome dynamics in response to excess Fe would greatly advance the field.  

Iron Mobilization and Storage 

After iron uptake into the epidermis, iron is transported inwardly through the root 

symplastically and apoplastically. Iron is required to be bound by chelating molecules to 

prevent highly reactive hydroxyl radicalsô formation, thus iron-chelating complexes are 

formed and travels through the root to reach the vasculature. Iron loading into the xylem 

vessels requires iron efflux from the symplast into the apoplastic space, which is 

believed to be carried out by IRON-REGULATED PROTEIN1 (IREG1) (Kim and 

Guerinot, 2007). In addition, FERRIC REDUCTASE DEFECTIVE 3 (FRD3) transports 

Fe(III)ïcitrate complexes within the xylem for transport to shoots (Durrett et al., 2007, 

Morrissey et al., 2010, Roschzttardtz et al., 2011). Within the phloem, iron transport is 

facilitated by a molecule which have a high affinity for binding iron, nicotianamine (NA). 

In particular, a family of YELLOW STRIPE-LIKE (YSL) and OLIGOPEPTIDE 

TRANSPORTER 3 (OPT3) transporters facilitate iron-nicotianamine (NA) transport 

throughout the phloem and loading into seeds (Stacey et al., 2007, Zhai et al., 2014). 

In roots, the cell wall is the major component of root apoplast and stores iron. Within 

the leaves, the majority of iron is located in the chloroplast. In both roots and shoots, 

iron can also be found in the vacuole. Specifically, during seed development, vacuolar 

sequestration of iron to and from the cytoplasm is facilitated by 

NATURALRESISTANCE-ASSOCIATED MACROPHAGE PROTEIN 3 and 4 
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(NRAMP3/NRAMP4) and VACUOLAR IRON TRANSPORTER (VIT1), respectively 

(Thomine et al., 2003, Kim et al., 2006, Lanquar et al., 2005). Additionally, iron is stored 

in iron storage proteins such as the ferritin. Ferritin can bind up to 4500 iron atoms 

within its mineral core (Crichton, 1973), and Arabidopsis encodes four within the 

chloroplast. FER1, FER3, and FER4 are the main gene studied in response to excess 

iron. FER1/3/4 are responsible for storing iron specifically to prevent oxidative stress by 

sequestration of excess iron in the plant and FER2 specifically acts in seeds (Briat et 

al., 2010).   

2.   Root anatomy and Cell Identity 

The tip of the root contains the stem cell niches (SCN), a population of cells which 

remain undifferentiated. Of particular interest for this work, are the distinct tissue layers 

produced in the shootward direction. The SCN produce single-cell files that extend and 

form specific cellular identities; the epidermis, which is the outermost tissue layer of the 

root, the cortex, which is adjacent to the epidermis, followed by the endodermis and 

vasculature. The vasculature, which is the inmost cell population, contains xylem and 

phloem cells, and undifferentiated procambial cells that are surrounded by a layer of 

pericycle cells (Dolan et al., 1993, Ohashi-Ito and Fukuda, 2010, Petricka et al., 2012).  

Non-cell-autonomous transcription factors involved in cell-to-cell communication 

The SCN and cellular identity is controlled by small molecules, polypeptide ligands, 

small RNAs, and transcription factors (TF) through cell-to-cell communication. Mobile 

signals diffuse across the cytoplasmic sleeve or travel through the plasmodesmata 

(PD), plasma membrane lined channels which connect cells to neighboring cells 

(Gallagher and Benfey, 2005). TFs were more recently added to the list of mobile 
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signals trafficked in plants with the discovery of KNOTTED1 (KN1) in maize to control 

cell fate (Lucas et al., 1995, Rim et al., 2011). Since then the identification of non-cell-

autonomous transcription factors (NCATFs) have expanded. Two high-throughput 

analyses in A. thaliana were performed to identify additional NCATFs. The first analysis 

used transcriptional fusion (upstream noncoding sequences fused to green 

fluorescence protein (GFP)) compared to translational fusions (upstream noncoding 

sequences fused to the open reading frame (ORF) and GFP) to determine intercellular 

movement of TFs (Lee et al., 2006). The second analysis used ectopic translational 

fusions (upstream activation sequence (UAS) fussed to ORF and mCherry in the J0571 

enhancer trap Arabidopsis line which drove expression to the endodermis and cortex 

(Birnbaum et al., 2003)). In both approaches, translational fusions with expanded 

fluorescent signal suggested intercellular movement. In concordance with each other, 

both analysis found about thirty percent of TFs in roots has the capacity for intercellular 

movement (Lee et al., 2006, Rim et al., 2011). More in-depth studies found several 

NCATFs in A. thaliana, which are localized in the shoot and root apical meristem and 

characterized to function in cell patterning and differentiation (Perbal et al., 1996, 

Sessions et al. 2000, Nakajima et al., 2001, Kurata et al., 2005, and Bernhardt et al., 

2005, Urbanus et al., 2010). Further research is required to not only identify the function 

of the NCATFs that have been identified in the high-throughput studies, but to identify 

additional NCATFs and their function. Despite advances in our understanding of 

NCATFs, little is known about whether mobile proteins play a role in other processes. 

Similar to Lee at al. (2006), a previous study revealed that POPEYE (PYE) is 

transcriptionally induced in the pericycle of roots in response to iron deficiency. 
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However, PYE protein is localized to the nuclei in the vasculature, endodermal, cortical 

and epidermal cell-types after exposure to iron deficiency, suggesting that PYE moves 

from the pericycle to the epidermis. Here, we experimentally provide concrete support 

for the intercellular movement of PYE in iron deficient conditions using scanning 

Fluorescence Correlation Spectroscopy (scanning FCS) (Chapter 6).  

Iron effects on root architecture  

Iron deficiency and toxicity elicit several root morphological and physiological 

modifications that can be connected to molecular modifications. Primary root elongation 

and lateral root formation are stunted in response to both extremes (iron depletion and 

excess). However, in low iron conditions, primary root and lateral root formation is 

increased, presumably to increase surface area for iron acquisition (Gruber et al., 2013, 

Li, Kronzucker and Shi, 2015). More recently, polysaccharide (ɓ-1,3-glucan) callose 

within the plasmodesmata (PD) is increased in responses to iron deficiency and 

decreased in response to excess iron to restrict and open the PD aperture, respectively 

(OôLexy et al., 2018). Such changes in excess iron are believed to help roots adjust and 

restrict excessive Fe absorption. In particular, the root tip zone is considered the most 

sensitive zone of the root to iron toxicity, whereas the transition zone is considered most 

sensitive to iron deficiency (Dinneny et al., 2008, Zhang et al., 2018). More recently, in 

excess iron conditions, decreased cell division was observed in the root apical meristem 

through nitric oxideȤmediated repression of potassium (Gruber et al., 2013, Zhang et al., 

2018).   

In the epidermis, low iron conditions induce the production of transfer cell which 

contain relatively high cytoplasm to vacuole ratio, additional mitochondria, densely 
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packed internal membranes, and extensive labyrinth-like ingrowths of secondary wall 

material which leads to increase surface area of the plasma membrane (Landsberg, 

1982). A. thaliana has thinner roots, limiting its capacity to produce transfer cells, 

however, an induction of root hair is observed in low iron conditions and is due to an 

increase in differentiation of non-hair cells to hair cells (Schikora and Schmidt, 2001). 

Additional exploration of epidermal and other cell-type specific mechanisms will provide 

insight into how the respective cell-types singularly and harmoniously work to respond 

to iron conditions. Previous research highlighted the importance of PYE within the whole 

root in response to iron deficiency (Long et al., 2010, Samira et al., 2018). In our 

research, we delve deeper and explore the functionality of PYE cell-type specific 

localization in the root, presenting evidence that PYE cell-type specific localization elicit 

different responses to iron deficiency. Our work on PYE cell-type specific localization 

also illustrates the importance of harmonious cell-type regulation for whole plant 

responses to iron deprivation (Chapter 6).     

3.   POPEYE (PYE) 

Basic helix-loop-helix (bHLH) motifs, first identified in 1989 in animals, is a protein 

structural motif that characterizes one of the largest families of transcription factors in 

plants. The conserved HLH structure is required for dimerization between two bHLH 

proteins, thus forming homodimers or heterodimers. Through analysis of bHLH 

conserved domains, the approximately 147 bHLH TFs found in Arabidopsis, were 

categorized into subgroups where genes with similar structure are assumed more 

closely related than other members of the family (Toledo-Ortiz, Huq and Quail, 2003). 

PYE contains a conserved domain that places it in bHLH subgroup IV which contain 
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several members whose transcript are similarly induced in iron deficient conditions 

(Dinneny et al., 2008, Long et al.,2010). Although PYE transcript induction is limited to 

iron deficiency, we also explore the implications of iron accumulation in pye-1 and 

examine how PYE function in iron-sufficient conditions. Since pye-1 exhibits cellular 

necrosis under iron sufficiency, we postulated that PYE functions to prevent excess iron 

accumulation in an attempt to prevent dangerous levels of ROS production. Previous 

work shows that PYE directly targets several peroxisome genes (Long et al., 2010). Our 

work shows that peroxisomes, which scavenge reactive oxygen species, increase 

proliferation with increasing iron levels and PYE presumably control this proliferation 

through its direct regulation of PEROXIN 11B (Chapter 6 addendum II).    

Ferritin storage of iron is of particular interest as pye-1 accumulates excess iron in 

the root compared to wild-type and develops leaf necrosis under iron sufficiency. 

However, pye-1 exhibits inefficient responses to iron deficiency as well, exhibiting 

reduced root and shoot growth, reduced ferric chelate reductase activity, reduced ability 

to acidify the rhizosphere, and increased chlorosis (Long et al., 2010, Samira et al., 

2018). The counterintuitive phenotype seen in pye-1 between iron sufficient and 

deficient conditions illustrates that cellular iron homeostasis is just as important as 

whole plant iron homeostasis. Thus, the difference between the two homeostatic states 

can elicit iron deficiency and or iron toxicity responses depending on where dysfunction 

of regulation occur (Kim and Guerinot, 2007). In the case of pye-1, we show that in iron-

sufficient conditions, iron acquisition from the rhizosphere is increased as a result of 

increase in transcript of IRT1 and increase of iron reductase activity. We also find that 

FER1 levels are induced in pye-1 regardless of iron conditions, suggesting that iron is 
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improperly stored within ferritin, making it unavailable for usage in certain tissues 

(Chapter 6 Addendum II).  

4.   Systems and computation approaches leading to gene regulatory networks 

It has become apparent that biological research benefits from taking a collaborative 

approach for addressing fundamental questions. For instance, forward and reverse 

genetics to identify key genes, molecular techniques for identifying protein functional 

location, and system and computational approaches to elucidate spatial and temporal 

dynamics of gene expression and protein dynamics are all essential for moving 

biological research forward. Utilizing these approaches together, we are able to collect 

transcript data and infer gene regulatory relationships (GRN). In addition, we can collect 

data as parameters for ordinary differential equations (ODEs) to formulate descriptive 

and predictive dynamic models of the plant's response to growth and development, and 

biotic and abiotic stress (reviewed in depth in Chapter 2).  

Advances have been made in identifying genes responsive to iron deprivation 

through high-throughput whole-root transcriptome analysis and more recently, temporal 

data of the whole root, or spatial data at a single time point (Dinneny et al., 2008, 

Buckhout et al., 2009, Long et al. 2010). However, we are still limited in our knowledge 

of how these genes identified from transcript analysis interact with each other within a 

GRN. In our work, we were able to develop the Clustering and Differential Alignment 

Algorithm (CDAA), where we took transcript data of iron-deficient roots with sparse 

time-points and identified seven early responses TF (ETFs), and target relationships. 

We confirmed their regulatory role using a combination of mutant and yeast one-hybrid 

(Y1H) analysis (Chapter 3).  
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To further build upon our knowledge and develop a descriptive and predictive 

dynamic model, we compiled known regulator-target interactions from literature and 

performed a sensitivity analysis where we assessed the influence of the different 

parameters on model response to determine which parameters are non-essential and 

remain unknown. Of the parameters tested, mRNA transcription rate, mRNA decay rate, 

the effect of known regulators, and the effect of unknown factors induced by iron 

deficiency, were important parameters for which we could not leave as an unknown. As 

a result of our work, we observed post-transcriptionally differential mRNA decay in 

response to iron conditions specifically on the targets, reclassified the previously 

identified ETFs as modulating TFs, unveiled potential synergistic effects between the 

modulating transcription factors, and predicted the effect of double regulator on mutants 

(Chapter 4).  

Thus far, the development of GRNs and descriptive and predictive models in 

response to iron deprivation have accounted for each cell-type within the root working 

as a collective. However, the collective data can mask regulatory mechanism within 

specific cells and several meta-analyses studies suggest that different stress conditions 

target distinct sets of cell layers in the root and regulates change in different ways 

(Dinneny et al., 2008, Long et al., 2010, Iyer-Pascuzzi et al., 2011, Geng et al., 2013). 

Utilizing both spatial and temporal data of the epidermis, we were able to identify novel 

expression patterns of earlier activation and repression not captured in whole root 

temporal data. In addition, we found genes that were no longer considered differentially 

expressed and switches in state (ñonò ñoffò) that were previously masked by analyzing 

the cell layers as a collective (Chapter 5).      
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5.   Future Perspectives 

Moving forward, we should continue to integrate biological, system and computation 

approaches to further elucidate tissue-specific regulation at the transcript and protein 

level. This can be accomplished by continued exploitation of fluorescence-activated cell 

sorting (FACS) to not only distinguish cell specific responses to iron deprivation, but 

additionally explore mRNA decay in specific tissues. These approaches, in addition to 

our PYE cell-type specific localization transcript data will allow us to develop cell-type 

specific descriptive and predictive models. We are currently utilizing FCS to verify TF 

intercellular movement; however, we can use this approach to quantify protein-protein 

interactions and diffusion rates which can be used as parameters to better model iron 

deficiency. In addition, utilizing A. thaliana as a model to address iron toxicity will greatly 

assist with agricultural loss seen in lowland grown rice fields. As such, we are beginning 

to collect transcriptional data on A. thaliana responses to excess iron, which will allow 

us to gain insight into the regulatory processes including, but not limited to PYE. Thus, 

these integrated approaches on both iron extremes will provide a more comprehensive 

and robust understanding of iron homeostasis in plants.     
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CHAPTER 2 

More than meets the eye: Emergent properties of transcription factors network in 

Arabidopsis 
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