
ABSTRACT 

MADISON, IMANI ADIA. Elucidating Regulatory Networks and Spatiotemporal Dynamics of 
Phloem Cell Differentiation under Iron Deficiency Stress (Under the direction of Dr. Terri 
Long). 
 

Iron deficiency has been a leading cause of the human disease burden for decades 

worldwide. Globally, the majority of human dietary iron is sourced from plants. Accordingly, 

resolutions to iron deficiency diseases will include insights gained from investigating plant iron 

homeostasis and deficiency responses. Plant responses to iron deficiency stress include chlorosis, 

or loss of leaf chlorophyll, and stunted growth due to impaired photosynthesis. On a smaller 

scale, tissues often have specific iron deficiency (-Fe) stress phenotypes. For example, non-hair 

epidermal cells differentiate into root hair cells under -Fe, root cortex cells thicken as they 

develop, and, in species like sunflower and tomato, transfer cells develop cell wall ingrowths. In 

this body of work, I use computational approaches to phenotype and characterize changes to the 

regulation of cellular processes such as meristematic cell division and vascular differentiation 

under -Fe or under -Fe in combination with other abiotic stresses.  

In Chapter 1, I highlight several computational tools that can improve the 

characterization of -Fe responses along hormonal, transcriptomic, and proteomic levels. In 

Chapter 2, I use lightsheet imaging and computational tools to pinpoint significant time points, at 

a fine resolution, at which -Fe, Heat, and dual -Fe and Heat stress responses are similar or 

different from each other. Lightsheet imaging methods are then described to explain how to 

capture root imaging data at near physiological conditions over a 24-h time period. In chapter 3-

4, our computational phenotyping method, or BioVision Tracker, is then detailed for use with 

lightsheet imaging data to define metrics and extract the resulting data. In chapter 5, I investigate 

how cell differentiation may be affected or regulated differently by stress. To do this, I 



characterized spatial changes to Arabidopsis root sieve element cell differentiation using the 

BioVision Tracker. I also inferred the Gene Regulatory Networks (GRNs) in Arabidopsis root 

protophloem under -Fe and +Fe conditions, showing that -Fe significantly changes the regulation 

of sieve element cell differentiation. In this same chapter, using BioVision Tracker and other 

methods, I begin to characterize the role of a putative regulatory hub, identified by our GRN 

analysis, of sieve element differentiation under both +Fe and -Fe conditions. In addendum I, 

begin to elucidate phloem responses to additional abiotic stress, particularly of excess Fe. In 

Addendum II, I also report results of an ongoing enhancer/suppressor screen to identify novel 

regulators of Fe homeostasis. The results of these projects can inform other efforts in precise 

temporal changes in plant responses to stimuli. These projects can also provide additional 

strategies to elucidate tissue-specific responses to stimuli by restricting phenotypic and 

transcriptomic analyses to cells of specific tissues.  
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INTRODUCTION 

Iron stress has severe consequences for plant and human health 

Iron deficiency anemia (IDA) has been the 14th leading cause of disease burden since 1990-2005 

and it has been attributed to the cause of 841,000 deaths and 3.5 million disability-adjusted life 

years lost globally, with Africa and parts of Southeast Asia carrying most of the IDA disease 

burden1–3.  Iron (Fe) is required for terminal red blood cell (RBC) differentiation, or 

erythropoiesis, in humans. Fe homeostasis is critical for determining the capacity of red blood 

cells to carry oxygen to all organs4–6. Fe excess, or overload, in RBCs results in a proliferation of 

undifferentiated RBCs and cessation of erythropoiesis. Fe toxicity in RBCs is due to Reactive 

Oxygen Species (ROS) accumulation4,5. Fe deficiency (-Fe) in RBCs also results in impaired 

erythropoiesis due to reduced hemoglobin synthesis, which is necessary for RBCs to carry 

oxygen4,5. Iron (Fe) is also an essential micronutrient for plants7. Iron bioavailability is reduced 

in alkaline soils across an estimated one-third of the world’s arable land, posing a significant loss 

of the bulk of global dietary iron sources and significantly limiting crop production7–9.  

 

Iron (Fe) is an essential plant micronutrient that is necessary for critical processes such as 

photosynthesis, respiration, nitrogen fixation, the synthesis and repair of nucleotides, and many 

other processes7,8,10,11. Plant Fe may be complexed to other molecules, such as Fe-heme groups, 

Fe-S clusters, and nitrosyl-Fe complexes or it may be present in a free ion state11,12. Fe is an 

important cofactor for components of the photosynthetic electron transport chain10. 

Consequently, it is abundant in 80% of mesophyll chloroplast cells10. As a result, iron deficiency 

(-Fe) causes interveinal chlorosis, or loss of chlorophyll production, and an overall reduction in 

growth and yield quality8,13,14. -Fe significantly impairs photosynthesis and cellular respiration. 
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While Fe is necessary for critical plant functions, free uncomplexed ion in excess is dangerous 

for plant cells. Free Fe ions act as pro-oxidants, due to increased ROS accumulation that 

damages macromolecules and triggers cell death11. Iron toxicity is typically a problem present in 

waterlogged soils of rice paddies in which oxygen is poorly available9. Under this condition, Fe 

ions can act as electron acceptors for root respiration in the place of oxygen, leading to ROS 

formation8. Drought and anaerobic conditions are additional factors in causing damage by Fe-

toxicity due to chloroplast-localized ROS production by the abundance of Fe free ions9.  

 

Mechanisms in regulating Fe homeostasis and uptake in roots 

Fe homeostasis mechanisms include controlling Fe uptake, mobilization, and storage from Fe 

pools within cells and from the apoplast and rhizosphere15. Fe deficiency responses are tightly 

coordinated via two known processes,  Strategy I and II12,15,16. Strategy I, mainly employed by 

dicotyledonous and non-graminaceous plants, broadly involves a reduction strategy to convert 

insoluble Ferric Fe to more soluble Ferrous Fe12,15,17. Strategy II, mainly employed by grasses, 

generally involves a chelation-based strategy in which roots extrude Fe-chelating molecules, 

such as phytosiderophores, into the rhizosphere then take up the Fe-chelator complexes8,12. Here, 

we will focus on the mechanisms underlying Strategy 1 using the model species Arabidopsis as 

an example. 

When -Fe responses have been initiated in Arabidopsis, a complex network of transcription 

factors and enzymes are activated. FIT is a bHLH transcription factor that is upregulated to 

ultimately upregulate leaf cell expansion, Fe transport, Fe mobilization, and Fe uptake 

machinery, particularly of root epidermal membrane proteins: AHA2, FRO2, and IRT18,12,15,17–19. 

AHA2 (ARABIDOPSIS H(+)-ATPASE 2) extrudes protons to acidify the rhizosphere to facilitate 
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Fe3+ solubilization12,15. FRO2 (FERRIC REDUCTASE OXIDASE 2) is a ferric-chelate reductase 

that reduces solubilized Fe3+ to Fe2+, a bioavailable form of Fe15. IRT1 (IRON-REGULATED 

TRANSPORTER1), a ferrous iron transporter, imports Fe2+ into the root epidermis while 

additional Fe2+ remains in the root apoplast12,15. Furthermore, IRT1 acts downstream of FIT to 

influence root development in additional ways than the loss of soluble Fe uptake. FIT is a major 

positive regulator of -Fe responses as it upregulates >40% of the genes that are -Fe-inducible and 

it is essential for plant development even under Fe-sufficient conditions20. FIT is primarily 

expressed and active in epidermal cells. FIT is also upregulated in the stele for reasons that have 

yet to be characterized21. Mutations in FIT result in severe developmental consequences, 

including severely inhibited plant growth, seedling lethality, and inhibited upregulation of genes 

significant for upregulating -Fe responses such as FRO2 and IRT116,22. Mutations in IRT1 result 

in root developmental defects, such as rhizodermal differentiation into transfer cells in some 

species such as sunflower and tomato, increased root hair formation, enlarged endodermal cells, 

reduced endodermal suberization, and thickened cortical cell formation, suggesting that sensing 

and responding to -Fe has a high degree of tissue specificity13,23–26.  

FIT-dependent -Fe responses include translational and hormonal mechanisms in specific tissues 

as well. Under Fe-sufficient (+Fe) conditions, DELLA proteins, such as RGA (REPRESSOR of 

GA1-3), inhibit FIT-bHLH38/39 complex formation that is necessary for upregulation of FIT-

dependent Fe-uptake genes22. -Fe induces Gibberellic Acid (GA) accumulation for GA-mediated 

DELLA degradation to facilitate FIT-bHLH38/39 heterodimerization22. In the root cortex, Nitric 

Oxide (NO) is synthesized to also upregulate FRO2 to convert apoplastic soluble Fe3+ to Fe2+. 

IRT1 then imports Fe2+ into root epidermal cells. Fe2+ is also imported from epidermal cells to 

cortical cells to be imported into endodermal cells, where Fe2+ first enters the root symplast12,15. -
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Fe reduces endodermal suberin deposition to likely facilitate the movement of Fe2+ into 

endodermal cells15. Under prolonged -Fe, FIT also upregulates CAT2 (CATALASE 2) to prevent 

ROS species, such as H2O2, from being produced by the increased intracellular Fe ion levels27.  

Fe upregulation must be tightly coordinated to prevent Fe deficiency or Fe toxicity by Fe uptake 

mechanisms. Two major regulators of Fe homeostasis: PYE (POPEYE) and BTS (BRUTUS) act 

antagonistically to give plants a high degree of control over Fe uptake20. PYE (POPEYE) is a 

bHLH transcription factor that positively regulates Fe homeostasis and uptake. PYE upregulation 

in roots under -Fe is enriched in the stele, particularly in the pericycle12,28. After 12h of -Fe 

induction, PYE and other regulators of -Fe responses such as BTS are upregulated28. Mutations in 

PYE result in reduced cortex cell length under -Fe, inhibited root growth, distorted root hair cells, 

decreased overall root cell elongation, more rapid onset of shoot chlorosis, and overall impaired 

development28. Moreover, pye-1 mutants exhibit reduced rhizosphere acidification and decreased 

iron reductase activity28. Interestingly, pye-1 mutants contain elevated concentrations of Fe in the 

root under both -Fe and +Fe conditions28. Thus, PYE is a major positive regulator of Fe 

homeostasis28. On the other hand, BTS (BRUTUS) is an E3 ligase that is a negative regulator of 

Fe homeostasis pathways, particularly under -Fe conditions17,28. Mutations in BTS result in 

increased root elongation, greener shoots, and enhanced iron accumulation in seeds under -Fe28. 

Mutations in BTS result in increased iron rhizosphere acidification and iron reductase activity17, 

culminating in reduced sensitivity to -Fe20. Moreover, mutants of BTS are embryo-lethal so 

coordination of embryo development rests on regulation of BTS17.  

PYE and BTS do not directly interact to coordinate Fe homeostasis. Instead, PYE interacts with 

other bHLH transcription factors, such as bHLH39 and bHLH101, to likely mediate the 

upregulation of Fe storage and mobilization mechanisms (Figure 1)12,18,28. bHLH39 and 
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bHLH101 also heterodimerize with FIT to upregulate Fe mobilization28.  PYE or BTS can also 

heterodimerize with ILR3 (bHLH105) and bHLH115 independently to either positively or 

negatively regulate Fe homeostasis28,29. PYE and ILR3 or bHLH115 interact to 

downregulate  ZIF1, FRO3, and NAS4 expression29 while BTS and ILR3 or bHLH115 interact to 

upregulate each ZIF1, FRO3, and NAS4 expression, resulting in homeostatic control of plant Fe 

content, particularly of Fe storage12,29. BTS interacts with the ILR3 and bHLH115 proteins, 

which then activates a 26S proteasome that degrades all BTS-interacting partners17. As a result, 

BTS attenuates PYE-mediated Fe-mobilization by ultimately degrading PYE interacting partners, 

such as FIT and ILR3, that are needed for Fe uptake and mobilization17,24.  

 

 

Fe is mobilized from roots to shoots through the xylem via the transpiration stream8,30. In the 

transpiration stream, organic acids, such as citrate, malate, and succinate complex with Fe2+ ions 

Figure 1 The role of bHLH proteins in regulating iron deficiency 
responses Model depicting direct and indirect activation of bHLH-
mediated -Fe responses (Adapted from Tissot et al, 2019)29. 
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and are transported to sink tissues, such as leaves and seeds, where Fe also accumulates in sink 

apoplastic regions8,30. Free Fe2+ ions enter the vasculature when OPT3 (OLIGOPEPTIDE 

TRANSPORTER 3) transports Fe2+ into the phloem from source leaves8,30. Once in the phloem, 

Fe2+ complexes with acids such as Nicotianamine (NA) and 2’-deoxymugineic acid (DMA) to 

be transported into the leaf symplastic system by YELLOW STRIPE-LIKE proteins and to other 

sink tissue systems8,30,31. In sink tissues, Fe is sequestered in proteins such as ferritin or stored in 

vacuoles by transporters such as VIT1 (VACUOLAR IRON TRANSPORTER 1)8,15.   

Finally, circadian rhythms are also involved in Fe homeostasis and leaf vascular 

development32,33. Photosynthesis and carbon metabolism require Fe input so day/light circadian 

rhythms are linked with Fe homeostasis33. Under long day conditions, photosynthesis is a key 

component that coordinates the circadian rhythms between shoots and roots32. Circadian rhythms 

are controlled by genes expressed along temporally-regulated cycles. The morning cycle is 

generally regulated by PSEUDORESPONSE REGULATOR genes (PRR), LATE ELONGATED 

HYPOCOTYL (LHY), and CIRCADIAN CLOCK ASSOCIATED 1 (CCA1)32,34. The evening cycle 

is generally regulated by EARLY FLOWERING genes (ELF), LUX ARRHYTHMO (LUX) and 

TIMING OF CAB EXPRESSION 1 (TOC1). In roots, only CCA1, LHY, PRR7, and PRR9 

expression levels oscillate and at a longer period than in shoots34. CCA1 binds to the promoters 

of bHLH38, bHLH39, bHLH100, bHLH101, FRO2, and IRT133. CCA1 and LHY regulate the 

diurnal timing of IRT1 and FRO2 expression to help achieve the maximum Fe content during the 

day when photosynthesis is most needed for biomass accumulation. Circadian rhythms also 

result in an enrichment of vasculature-expressed genes in leaves during evenings, suggesting that 

vascular development is at least partially regulated by temporal cues32. 
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Fe Stress Interacts with Other Abiotic Stressors to Influence Plant Development  

There is increasing evidence for the role of Fe uptake in coordinating biotic stress responses but 

here, we will focus on interactions between Fe stress responses with abiotic stress responses35,36. 

Tissue differentiation within each organ often responds in subtle and specific ways to stress yet 

the mechanisms are largely incompletely characterized37. For example, cell dedifferentiation can 

occur in Arabidopsis during heat stress and in maize seedlings during cold stress38. However, 

stresses are naturally co-occurring so their interactions change dynamically to adapt plant 

development and cell differentiation to changes in environmental conditions37–40. When stresses 

co-occur, the combined effects on plant growth or response mechanisms can not be predicted 

solely by studying individual stress responses, especially because stress responses often have a 

high degree of crosstalk39–42. For example, from 1998-2011, drought/heat stress cost $200 Billion 

in losses while drought, flooding, and freezes each cost $50 billion, $100 billion, and 

approximately $25 billion in losses in the United States, respectively40. 

 

Fe deficiency impacts many nutrient stress responses, such as Nitrogen (N), Phosphorus (P), and 

those of micronutrients such as Magnesium (Mg) 43. Nitrogen is a significant macronutrient 

involved in most cellular processes44. Plants use ammonium (NH4
+) and Nitrate (NO3

-) as 

nitrogen (N) sources and NO3
- is also a signaling molecule44. NH4

+ induces phloem Fe 

accumulation in a ferroxidase LPR2 (LOW PHOSPHATE ROOT 2)-dependent manner which 

produces a burst of Reactive Oxygen Species (ROS) 44. As a result, the phloem function of 

transporting sucrose to roots is inhibited and primary root elongation is arrested44 
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There is also a high degree of crosstalk between Fe and Phosphate (P) response mechanisms 

especially since Fe and P form complexes45–47. Under Fe-deficient and P-sufficient conditions, 

roots inhibit ROS production by the inhibition of the LPR1 (LOW PHOSPHATE ROOT 1) 

ferroxidase by PDR2 (PHOSPHATE DEFICIENCY ROOT 2)46. However, under Fe-sufficient 

and P-deficient conditions, the presence of Fe2+ activates LPR1 to promote ROS production, 

which then induces callose deposition in plasmodesmata in cell walls to block cell-cell 

communication and inhibit root elongation46. Furthermore, P supplementation enhances Fe 

mobilization within plants48. Overall, Fe and P homeostases interact to regulate root growth43. Fe 

supplementation also increases N, P, K, Zn, Cu, and Mg concentration, which are critical 

micronutrients for cellular processes48. 

 

There may even be crosstalk between salt and -Fe responses. Both Fe and salt stress responses 

are induced in root tissues, particularly the stele49. Salt stress severely reduces plant growth and 

yield due its induction of cellular osmotic and ROS stress50–52. Salt stress also reduces 

chlorophyll content and photochemical efficiency and increases leaf death and electrolyte 

leakage50,51. In a relative of rice, P. coarctata, has a rice ortholog, iron deficiency responsive cis-

acting element binding factor (PcIDEF1) that responds to the dual stress of -Fe and NaCl53. 

Furthermore, in Arabidopsis, GLYOXYLASE 1 (GLX1) enzymes catalyze methylglycosyl 

detoxification, a toxic byproduct of glycoloysis, under -Fe, salt, osmotic, and phytohormone 

stress, which further suggests a degree of crosstalk between -Fe and Salt stress responses28. 

-Fe interacts with heat stress in plants to attenuate Fe-dependent cell death, or ferroptosis. Heat 

stress induces ferroptosis in both plant and animal cells by triggering an accumulation of 

cytosolic and lipid ROS, likely produced by specifically Fe-catalyzed ROS production54,55. In 
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human cells, misregulated ferroptosis is involved in processes such as cancer cell death, tissue 

injury: brain, kidney, and heart, and T-cell immunity56,57. In plant cells, ferroptosis is inducible 

by at least 55 °C heat shock and may be useful for hindering pathogen infection54,55,58,59. 

 

Phloem Differentiation & Stress Interactions 

As stem cells in the root or shoot meristems divide, they produce populations of cells that 

eventually differentiate into tissues with distinct functions60,61. Phloem is a vascular tissue that 

transports photosynthetic products and signaling products through sieve elements, specialized 

cells to perform this task, from source to sink tissues52,62. The root phloem arises from a series of 

asymmetric cell divisions from the root stem cell niche under tight genetic control60,63. Cell 

differentiation is a complex process that is typically difficult to probe, but the phloem in 

Arabidopsis roots is a useful model system because the full gradient of cells, from 

undifferentiated to differentiated sieve elements, are retained37,64,65. Thus, the sieve element cell 

file in roots can serve as a developmental time course that can be probed to detect spatial and 

temporal changes to differentiation under various conditions64,65. 

Sieve element differentiation occurs along three broad phases of differentiation: stem cell 

initials, transit amplifying, and differentiating sieve elements66. Sieve element initials divide 

directly from stem cells in the stem cell niche, or Quiescent Center, of the root apical meristem, 

in a bilateral pattern66 (Figure 2). Stem cell fate is determined in phloem initials by the 

antagonistic activities of OCTOPUS (OPS) and BREVIS RADIX (BRX) with a 

CLAVATA3/EMBRYO-SURROUNDING REGION 45-BARELY ANY MERISTEM 3 (CLE45-

BAM3) signaling module67,68. OPS promotes sieve element cell fate and CLE45-BAM3 inhibits 

phloem differentiation by modulating auxin levels while BRX inhibits CLE45-BAM3 
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activity67,69. Genes such as SMXL3/4/5 regulate protophloem differentiation in the RAM in a 

dose-dependent manner52,70. Transit amplifying phloem cells populate the phloem file within the 

meristematic zone, a region that retains meristematic activity, and are maintained by a gradient 

of PLETHORA (PLT) genes64. APL is a major regulator of sieve element differentiation as it 

establishes phloem differentiation as distinct from xylem differentiation71. COTYLEDON 

VASCULAR PATTERN 2 (CVP2) and CVP2 LIKE 1 (CVL1) control the progression of 

protophloem cell fate and development by maintaining the conversion of phosphatidylinositol-

4,5-biphosphate (PIP2) to phosphatidylinositol 4-phosphate because PIP2 levels impact the 

timing of protophloem differentiation67,68. Finally, in differentiating sieve elements, the major 

physical cellular changes occur, particularly: enucleation, cell wall thickening, and sieve pore 

formation, to result in the formation of functional sieve elements67,72. 

Sieve elements are the functional units of the phloem that transport the phloem “sap,” a bulk 

viscous liquid containing sugars produced by photosynthesizing leaves, and signaling molecules 

through the symplast from source to sink tissues52,73. Functionally, cell wall thickening helps 

maintain cell integrity under high turgor pressure, and sieve pore formation gates entry between 

sieve elements67. Enucleation is required for the functionality of sieve elements because the 

phloem sap cannot travel through nucleate sieve elements73. Several genes regulate terminal 

differentiation of sieve elements. APL regulates expression of NAC45 and NAC86 which 

redundantly regulate NEN1, 2, and NEN4, of the NAC45/86-DEPENEDENT EXONUCLEASE-

DOMAIN PROTEIN family, to mediate nuclear degradation64,67,68,72. NAC45/86 results in the 

coordination of perinuclear organelle clustering, shifts in NEN1 and NEN2 localization, and 

cytosol degradation72. NEN1 and NEN2 are expressed at the onset of terminal differentiation and 

NEN4 is expressed after differentiation has been initiated72. During enucleation, NEN1, NEN2, 
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and NEN4 accumulate in nuclei and NAC86 specifically regulates NEN265. Overall, the 

progression of enucleation can be described in three phases67,72. In phase 1, modification of 

nuclear and cell structure is modified, including initiation of cell wall thickening. In phase 2, the 

nuclear and organelle structures are distorted. In phase 3, the nucleus is completely broken down 

and the cytosol density is decreased. Furthermore, CALLOSE SYNTHASE 7 (CaLS7) and 

CHOLINE TRANSPORTER LIKE 1 (CHER1) regulate the formation and gating of sieve pores at 

either end of each sieve element67. Moreover, vacuoles, Golgi stacks, and other organelles are 

removed while the Endoplasmic Reticula are moved along the elongated lateral walls of each 

sieve element to aid in lowering the cytoplasmic density of each sieve element to facilitate 

phloem sap transport68,72. 

Generally, sieve element differentiation is stereotypical but it can be influenced by stress52. 

SMXL4 was initially discovered as a vascular-localized gene that responds to high salt conditions 

and confers a level of salt and drought tolerance by transcriptional and post-transcriptional 

mechanisms50,52. Salt stress promotes sieve element differentiation, resulting in a repression of 

CLAVATA3/ EMBRYO SURROUNDING REGION-RELATED26 (CLE26), NAC DOMAIN-

CONTAINING PROTEIN20 (NAC20) and (JULGI1) JUL1, which all repress phloem 

differentiation52,74. Salt may induce protophloem formation either to alleviate osmotic pressure 

and enhance osmolyte flux in growing roots or to promote lateral root emergence by altering the 

redox profile and/or auxin gradient in the vascular cylinder52. Moreover, phosphate stress 

influences phloem differentiation52. After at least 6h of phosphate deficiency, APL is upregulated 

to promote differentiation but sieve elements fail to complete terminal differentiation52,75. Under 

phosphate deficiency, CLE14 and CLE26 are also upregulated to modify root architecture52,76. In 

particular, Fe distribution under low phosphate conditions induces CLE14 transcription to slow 
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differentiation of root cells until the meristem is exhausted76.  CLE14 also modulates overall 

lateral root elongation and root hair emergence under phosphate deficiency76. Any stress-

mediated influences on phloem differentiation may have a significant impact on the phloem’s 

emergent properties. 

 

 

 

 

Nutrient or Abiotic Stress Influences Sugar Delivery to Sink Tissues  

Plants are autotrophs so they produce their own sugars and distribute them through the phloem. 

Stress can influence the flux of sap distribution to different organs. Phloem differentiation is 

significant for determining sink strength. For example, JUL activity directs translational 

suppression of SMXL4/5 so JUL deficiency enhances phloem cell number and sink strength per 

seed74. -Fe can modulate sap flux. Systemic signals, such as for -Fe, are also distributed through 

the phloem30. Consequently, stress responses indirectly depend on the phloem. Phloem sap flux 

Figure 2 Genetic regulators of sieve element differentiation are 
expressed at distinct points in development Model depicting 
locations at which sieve element development regulators are expressed 
within the root meristematic zone. (Adapted from Blob et al, 2018)65. 
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also responds to the needs and metabolic activity of sink tissues. Consequently, stress and other 

environmental and developmental factors modulate phloem activity52. Moreover, mutants with 

defects in protophloem development accumulate sugars in mature leaves, further suggesting that 

carbon partitioning to sink tissues depends on phloem differentiation52. 

Stress clearly influences plant development and sap organ delivery, but it is less clear how stress 

influences cell differentiation, especially of phloem cells. Even though it has been established 

that red blood cell differentiation requires Fe, the molecular mechanism is still not completely 

understood. In plant cells, it is less clear if and how Fe regulates enucleation. Going forward, it 

will be useful for improving both human and plant nutrition and growth to understand the 

molecular underpinnings of cell differentiation under -Fe stress.  

 

Systemic stress signals are also transported through the plant vasculature12,30,77. For example, 

plant sensing of Fe deficiency status likely occurs in shoots which then send signals for roots to 

solubilize and take up Fe through the plant vasculature system13,27. IMA1 (IRON MAN 1) is a 

phloem-expressed peptide that is a likely phloem-mobile signal of -Fe to regulate Fe uptake from 

the rhizosphere77. Phloem sap flux is responsive to low temperatures, low light, and acute 

changes from high to low light78. In particular, phloem sap flux responds to maintain its water 

potential with that of the xylem to avoid excessive vascular water loss and turgor pressure62,79,80. 

Drought, salt and water stresses have a significant impact on sap flux rates52,62,79,80. Nutrient 

starvation stresses, especially those that influence photosynthesis, also influence sugar 

production and, thus, influence sap flux and carbon partitioning64,80–82. Under these stress 

conditions, the phloem sap may carry a signaling molecule, such as sucrose, that signals roots to 

take up the needed nutrient81. For example, nitrogen deficiency hinders photosynthesis by 
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decreasing Rubisco content and activity and electron transfer and, thus, shifting overall carbon 

distribution and causing a sugar over-accumulation in shoots62,83. Iron and nitrogen availability, 

in combination, also affects phloem function. Ammonium accumulation, a stress prevalent in 

wetlands, induces LPR2, a cell wall ferroxidase, expression which results in increased Fe2+ 

deposition in phloem cells44. Fe2+ accumulation in phloem cells results in a ROS burst to induce 

callose deposition in the phloem to inhibit phloem unloading in root tips44. Moreover, phosphate 

deficiency reduces chloroplast phosphate availability and, thus, reduces carbon assimilation 

resulting in either maintained or temporarily increased levels of sucrose translocation in phloem 

and accumulation in leaves84,85. Magnesium deficiency also inhibits sucrose loading into the 

phloem and, as a result, affects the shoot-root carbon distribution62,83. Moreover, heat stress 

impedes phloem unloading into root meristems by inducing callose deposition in meristematic 

plasmodesmata, resulting in inhibited primary root elongation86. Mutants in protophloem 

development also over-accumulate sugars in their leaves so changes to phloem differentiation 

significantly affect overall carbon partitioning52. 

 

Overview 

This work aims to identify the spatiotemporal effects of root meristematic cell division and sieve 

element cell differentiation and to identify the regulatory mechanisms by which stress influences 

sieve element cell differentiation. To do this, we developed computational tools and pipelines 

that would extract and quantify biologically relevant metrics of either division or differentiation 

at a high spatial and temporal resolution. We developed BioVision Tracker (BVT) to phenotype 

& quantify spatiotemporal metrics of marker dynamics in response to individual and 

combinatorial stress conditions over long-term time courses. We also generated a set of 
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computational tools to elucidate a molecular mechanism underlying cell differentiation under 

different environmental conditions. We also review recently-developed computational tools to 

further identify gene, protein, and hormonal interactions and to help integrate high-throughput 

multi-scale -omics datasets to build more comprehensive models.  Ultimately, further 

development of phenomics technology and computational modeling approaches will facilitate the 

integration of all levels of omics data to form a complete set of models that can more-accurately 

answer a broad variety of biological questions40,87,88. 

 

The difficulty of capturing and analyzing high-throughput phenotypic data is a major bottleneck 

in pairing genomic with phenomics data to explain developmental phenomena40. Technologies 

are being developed to address this problem which include but are not limited to noninvasive 

imaging, image analysis, high-performance computing40.  Another current challenge is capturing 

fine, subtle differences in phenotypes caused by environmental stimuli, changes to development 

over time, or differences in genotype between plants88. Future phenomic technology will require 

increased sensitivity and spatiotemporal resolution to improve the overall quality of data 

collection. Here, we present a phenotyping pipeline and semi-automated image analysis software 

that can quickly and analyze large imaging datasets at a high throughput and a high temporal 

resolution.  

 

Complex biological process, such as tissue differentiation, organ development, or nutrient 

homeostasis involve the coordination of spatially- and temporally-coordinated levels of gene 

expression, protein activity, and metabolite flux87. Thousands of interactions underpin plant 

responses so it is difficult to identify or hypothesize entire pathways without the aid of 
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computational modeling approaches87. Thus, gene regulatory network inference (GRNI) 

approaches are a useful tool to hypothesize which genes are most likely significant for regulating 

a target process, especially since this tool can be used effectively at temporal, tissue-specific, or 

single-cell resolutions87.  GRNI has been useful in several studies89,90, including but not limited 

to tissue differentiation91, stress tolerance92, floral organ development93. Further use of GRNI 

will help reveal the specific complexity of regulatory responses across virtually any 

developmental or environmental context especially if GRNs are ultimately integrated with other -

omics datasets87,94,95. However, there is a need for more datasets at a high spatiotemporal 

resolution to improve the amount and quality of data used to generate GRN associated with a 

particular aspect of development or response94. Here, we present a computational method of 

inferring and analyzing gene regulatory networks across different environmental conditions.  

 

First, Chapter 1 describes computational tools to elucidate, predict, and model single- and multi-

scale abiotic stress signaling pathways across metabolic, gene regulatory, and protein-protein 

interaction responses96. Examples of these include, but are not limited to, tools that implement 

Ordinary Differential Equations (ODEs) for modeling gene interactions, using hybrid approaches 

to build multiscale models, and gene regulatory network inference tools. ODEs can be used to 

describe dynamics of processes such as molecular interactions or changes in component 

concentrations over time in kinetic models96. Kinetic models have been used to describe changes 

in protein abundance over time, such as IRT1 accumulation or degradation under varying 

changes to Fe availability96,97. Moreover, gene regulatory network inference approaches use 

graphical or mathematical representations of inferred causal/correlated relationships between 

genes to describe a target mechanism96. For example, gene regulatory networks can be used to 
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identify mechanisms underlying cell differentiation or stress responses64,91,96,98–100. We also 

review ways to leverage current models and tools to further develop multi-scale models of 

developmental or stress responses using theoretical modeling that would link dynamics of 

enzyme activity, metabolite flux, and gene regulation96. 

 

Chapters 2-4 presents an experimental and computational pipeline to identify spatiotemporal 

dynamics of cellular processes. This pipeline could be useful for informing predictions about or 

elucidating underlying causes of developmental and stress responses. The experimental 

component collects Brightfield and fluorescence 3-D imaging data of roots under near-

physiological conditions for up to 24-h at a high temporal resolution using a Lightsheet 

microscope101. In particular, this study uses a CYCB1;1 translational marker line as a proxy for 

the initiation of cell division and tracked CYCB1;1 dynamics over a 24-h period and under 

several stress conditions: iron deficiency (-Fe), heat shock (+Heat), and combined iron 

deficiency and heat shock (-Fe+Heat). Because root images of several roots under 4 

environmental conditions were taken at 20-min intervals, an automated image analysis pipeline 

was a necessary component of the overall pipeline. This computational component was an 

expansion of applications of a Lightsheet based Multi-Arabidopsis Imaging Chamber (MAGIC) 

system102 and the MATLAB-based BioVision Tracker (BVT) software103 to capture reporter 

dynamics over a long time course in up to 4 roots simultaneously. Specifically, the 

computational component of the pipeline automatically extracts metrics associated with either 

spatial or temporal changes to fluorescent protein dynamics that, in turn, inform insights into the 

spatial or temporal dependencies of developmental processes. This study identified 10 

spatiotemporal metrics and found that CYCB1;1 dynamics were most influenced by 6 temporal 
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metrics. Moreover, this pipeline can be a powerful predictive tool as it can pinpoint specific 

tissues to sample or specific time points post stress induction at which a change in reporter 

dynamics occurs and can thus can inform experimental design going forward. PYE and BTS 

expression dynamics were also examined using a luciferase assay and similar dynamics were 

observed, suggesting that metrics captured by this pipeline can yield biologically relevant 

conclusions. 

 

Finally, Chapter 5 presents a study that elucidates molecular mechanisms underlying phloem cell 

differentiation under iron deficiency. In this study, we used a variety of methods to determine 

how extrinsic signals, such as -Fe, influence intrinsic developmental mechanisms. In this case, 

we expanded the BVT to specifically identify sieve element (SE) nuclei, marked by a fluorescent 

reporter, to the exclusion of companion cells and extract metrics associated with the progression 

of sieve element enucleation and root elongation. Moreover, we quantified gene expression in 

the phloem using Fluorescence-Activated Cell Sorting and then used Shannon Entropy104,105 and 

Gene Regulatory Network (GRN) Inference99 approaches to predict the phloem-specific genetic 

mechanisms that likely regulate changes to SE differentiation under -Fe. Not only does this study 

predict a set of novel regulators of SE differentiation but also provides a potential set of methods 

that makes more-informed predictions of target genes and time points underlying changes to 

developmental processes. We also characterized the role of genes identified by GRNI in 

regulating sieve element differentiation and plant development using manual and automated 

BVT approaches. 
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The addenda touch on additional work to be examined further. First, we characterized how 

excess Fe influences SE differentiation as a continuation of the study in which we investigate 

how Fe deficiency influences SE differentiation. RBC differentiation is Fe-dose dependent6 and 

is delayed by different mechanisms under either Excess Fe or -Fe conditions5. This project aimed 

to investigate whether, in plants, excess Fe also delays sieve element differentiation. This project 

also aimed to investigate whether different stages of differentiation respond to -Fe or excess Fe 

in different ways. Second, we have screened EMS-mutagenized pye-1 seedlings to identify novel 

regulators of -Fe responses that are part of the PYE regulatory network. Fe deficiency responses 

are extensive and likely have not been fully characterized yet. This project aimed to identify new 

-Fe-responses regulators. Ultimately, these studies may provide additional insights into the 

influence that stress has on plant organ and tissue development. 
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Introduction 

Abiotic stresses have significant consequences for plant development and crop yield, resulting in 

billions of dollars of agricultural losses each year1. Stress responses are not necessarily universal 

or unique, even across plant tissues. Rather, there can be extensive crosstalk or similar stress 

responses caused by multiple types of stresses1–4. For example, Mg, Fe, N, and P are significant 

plant nutrients that are essential for plant development. Consequently, deficiencies or over-

abundance of these nutrients disrupts plant developmental processes5. Mg, Fe, N, and P 

homeostasis are linked by a high degree of crosstalk and significance in related cellular 

processes, such as photosynthesis, resulting in similar stress responses55–8.  Temperature stresses, 

such as heat, can also negatively influence cell differentiation and severe heat can switch cell 

differentiation states9. Osmotic stress, such as salt and drought, and redox-altering stresses, such 

as Fe toxicity, can also impair plant development due to ROS accumulation that hinders the 

function of cellular processes10–12. These developmental consequences would be reflected not 

only in organism-wide developmental defects but also in cellular-level processes such as cell 

differentiation.  

Cell differentiation is a complex process that is typically difficult to probe. The phloem in 

Arabidopsis roots is a useful model system because the full gradient of cells, from 

undifferentiated to differentiated sieve elements, are retained within 20-25 cells13–15. Thus, the 

phloem cell file in roots can serve as a developmental time course that can be probed to detect 

spatial and temporal changes to differentiation under various conditions14,15. Sieve element 

differentiation occurs along three broad phases of differentiation: stem cell initials, transit 

amplifying, and differentiating sieve elements15,16. To differentiate, sieve elements must 

enucleate, elongate and reinforce their cell walls, and form sieve plates at either end16. These 
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morphological changes, particularly enucleation, allow the phloem to transport sugars and signal 

molecules through sieve elements from source to sink tissues12,17. Interestingly, Fe levels in 

humans regulate enucleation during red blood cell (RBC) differentiation18–20. Insufficient Fe 

concentration in RBCs significantly reduces enucleation while excess Fe concentration in RBCs 

results in ROS accumulation that also impairs RBC differentiation. Enucleation is critical for 

terminal differentiation of both RBCs and sieve elements. Here, we investigated how diverse 

types of abiotic stresses influence changes to sieve element enucleation and we probe further into 

how either Fe deficiency or toxicity influence the progression of enucleation and, consequently, 

affect sieve element sap translocation. 

Results 

In Chapter 5, we showed that -Fe delays phloem differentiation. In this work, we aim to assess 

how abiotic stress influences differentiation and how, specifically, -Fe affects different phases of 

sieve element differentiation. We also aim to assess how excess Fe affects different phases of 

sieve element differentiation. First, we assessed the effect that several types of abiotic stresses 

have on sieve element differentiation. We grew pNAC86:HB2-YFP, a reporter line representing 

cells cued for enucleation, on control, iron sufficient (+Fe) media for 4 days then transferred 

them to each stress condition for an additional 72h. Stresses include: iron deficiency (-Fe), Heat 

shocks, Excess Fe, Excess Magnesium, Salt, and -Fe + Heat shock (Figure 1A, See methods). 

We then manually measured the Ratio-enucleation to assess whether sieve elements terminally 

differentiated at the point in which root differentiation was initiated. Ratio-enucleation was 

calculated by dividing the distance from the Quiescent Center (QC) to the final enucleating sieve 

element by the distance from the QC to the first pair of elongated epidermal and cortical cells. 

We found that -Fe was the only condition that resulted in a significantly higher Ratio-
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enucleation, suggesting that delayed enucleation (Figure 1B) is not a generalized stress response, 

but rather a specific response to -Fe. 

We then quantified changes to the Ratio-enucleation at each time point after transfer to assess 

whether earlier time points influence the Ratio-enucleation similarly to that under 72h (Figure 

1C). Under +Fe conditions, the Ratio-enucleation was reduced between 0h-48h and remained 

low by 72h, suggesting that enucleation progressed over time (Figure 1D). Under -Fe conditions, 

the Ratio-enucleation between 0-24h was reduced, suggesting that enucleation progressed as it 

typically would and that -Fe hadn’t resulted in significant phenotypic changes by 24h. However, 

from 24-72h, the Ratio-enucleation remained constant, suggesting that enucleation no longer 

progressed over time and was likely delayed. As a result, by 72h, the Ratio-enucleation was 

higher under -Fe than under +Fe conditions, as expected based on previous work (Chapter 5). 

Overall, these data suggest that phloem differentiation uniquely responds to at least 72h of -Fe 

exposure. 

We then characterized changes to different stages of phloem differentiation not only under -Fe 

but also under excess Fe conditions to assess whether Fe toxicity would have an opposing effect 

on phloem differentiation. To assess changes to different stages, we imaged pNAC86-hYFP, a 

reporter for initiation of enucleation67, and pCVP2-VENUS, a reporter for sieve element cell 

identity establishment and, thus, the overall timing of differentiation67, under +Fe, -Fe, and 

Excess Fe conditions (See methods). 

First, we measured the signal intensity as an estimate of average transcript production or 

perdurance in each cell file. In pNAC86-hYFP, this signal intensity under excess (xs) Fe was 

brighter than under +Fe conditions whereas the signal intensity was similar under +Fe and -Fe 

conditions (Figure 2B). This suggests that xs Fe may induce an accumulation of NAC86 
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transcript levels, while -Fe does not. -Fe also does not affect signal intensity of pCVP2-VENUS, 

however, xs Fe results in a dimmer signal intensity than both +Fe and -Fe do. This suggests that 

xs Fe may reduce accumulation of CVP2 transcript levels. Moreover, the signal intensity in 

pCVP2-VENUS under xs Fe conditions is dimmer than that of pNAC86 hYFP under xs Fe 

conditions, suggesting that NAC86 accumulates more so than CVP2 does under xs Fe conditions. 

Taken together, these data suggest that initiation of enucleation and the timing of overall 

differentiation may respond differently to Fe toxicity so that overall differentiation may be 

delayed. However, actively differentiating cells may continue to enucleate under Fe toxicity. 

This interpretation also depends on the mechanism by which NAC86 or CVP2 production 

regulates sieve element differentiation.   

Next, we measured the Ratio-enucleation of each marker line under varying Fe conditions. 

Under -Fe and xs Fe conditions, the Ratio-enucleation in pNAC86-hYFP lines was larger 

compared to that under +Fe conditions (Figure 2C). Using pNAC86-hYFP the Ratio-enucleation 

estimates the termination of enucleation relative to that of the initiation of the elongation zone. 

Using pCVP2-VENUS, the Ratio-enucleation estimates the point at which terminal sieve element 

cell fate had been established relative to the initiation of the elongation zone. In pNAC86-hYFP, 

the Ratio-enucleation under -Fe is higher than that of +Fe and of xs Fe. This suggests that 

termination of enucleation is delayed by -Fe and xs Fe but that -Fe induces a more severe delay 

in the termination of enucleation. In pCVP2-VENUS, the Ratio-enucleation is similar across all 

Fe conditions, suggesting that Fe treatment does not impact the identity of cells marked for sieve 

element differentiation.  

To gain insight into the resulting impacts that -Fe or xs Fe have phloem sap translocation, we 

measured the difference between the point at which phloem sap was translocated into the root 
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(EF) from the point at which the last SE nuclei had been degraded (EN), or the Distance EN-EF 

(Figure 2D-E). Distance EN-EF estimates how far sap moves through the most recently 

differentiated sieve elements. The Distance EN-EF was longer under -Fe than under either +Fe 

or xs Fe conditions while the Distance EN-EF was shorter under xs Fe than under +Fe or -Fe 

conditions (Figure 2F). This suggests that sap translocation is delayed under -Fe and promoted 

under xs Fe conditions. Overall, this is consistent with the observation that NAC86 transcript is 

increased under xs Fe and that Ratio-enucleation is reduced compared to -Fe conditions which 

would result in promoted enucleation and, thus, promoted sap translocation. This is also 

consistent with the observation that -Fe increases the Ratio-enucleation and, thus, delays sap 

translocation. It is likely that changes to sieve element differentiation under xs Fe are due to an 

accumulation of ROS production while changes to sieve element differentiation under -Fe are 

likely due to a lack of Fe and reduced ability for enucleation to terminate5,6,59. xs Fe accelerates 

enucleation while delaying the timing of differentiation, resulting in an apparent acceleration of 

sap translocation. Here, promoted differentiation is likely a way of alleviating osmotic or redox 

stress caused by xs Fe52,74.  Going forward, the mechanisms underlying changes to SE 

differentiation under xs Fe and -Fe should be characterized to clarify what is driving changes to 

differentiation under each Fe condition.  
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Figures 

 

Figure 1 Iron deficiency specifically delays sieve element enucleation 

A Representative images of roots at 72h under each stress: Iron sufficiency (+Fe), Iron 

deficiency (-Fe), Heat shocks, Magnesium (MgSO4), Phosphate starvation (-Pi), Salt, and -Fe + 

Heat shock. Scale bars = 20 µm. B Ratio-enucleation, or distance from QC to last enucleating 

cell divided by distance from the QC to the beginning of the elongation zone, of roots under each 

stress condition at 72h. C Representative images of roots under +Fe and -Fe at each time point 

after stress induction: 0h, 24h, 48h, and 72h. D Ratio-enucleation at each time point under +Fe or 

-Fe conditions. 
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Figure 2 Enucleation and Timing of Differentiation respond differently to -Fe and 5x Fe to 

influence changes to Sap Translocation 

A Representative images of pNAC86-hYFP (top row) or pCVP2-VENUS (bottom row) at 72h of: 

Iron sufficiency (+Fe), Iron deficiency (-Fe), or Iron excess (xs Fe). Scale bars = 20 µm B Signal 

intensity of either pNAC86-hYFP or pCVP2-VENUS under xs Fe, +Fe, or -Fe conditions. C 

Ratio-enucleation of either pNAC86-hYFP or pCVP2-VENUS under xs Fe, +Fe, or -Fe 

conditions. D Representative image of esculin-stained root in which the distance from the dye 

front, or EF (circled), and the last cell with a nucleus, or EN, is measured to measure the 
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Distance EN-EF  E Model representing the calculation of the Distance EN-EF in esculin-stained 

roots F Distance EN-EF in roots under +Fe, -Fe, and 5x Fe conditions. 

Methods 

Growth and Seedling Preparation 

Seeds were wet-sterilized by incubation in 70% ethanol for 5 min followed by incubation in 30% 

bleach and 0.02% Triton X-100 and rinsed 3 times. Seeds were stratified in the dark at 4°C for 2 

days before plating. Seeds were germinated on +Fe media, consisting of standard Murashige and 

Skoog (MS) media without Iron containing 0.1-mM FeEDTA substituted for iron sulfate, and 

1% sucrose (n=18). After growth on +Fe media for 4 days, seedlings were transferred to each 

stress or control (+Fe) condition. All seedlings were grown at 22°C under a 16-h/8-h light/dark 

cycle in environmentally-controlled plant growth chambers (Percival Scientific). The lines used 

were pNAC86::HB2-YFP (pNAC86-hYFP) and pCVP2-VENUS.  

Stress conditions 

Iron deficient (-Fe) media consisted of MS agar media containing 1% Sucrose, standard 

Murashige and Skoog medium containing 300 μM Ferrozine as an iron chelator (n=24). The 

MgSO4 media consisted of +Fe media with 0.1 mM MgSO4 (n=24). The salt stress media 

consisted of +Fe media with 150 mM NaCl.  The excess (xs) Fe media consisted of 1% sucrose 

standard MS media without Iron supplemented with 0.5 mM FeEDTA. Heat shocks were applied 

at 38°C for 80 min at 24h intervals during the time course. The Heat shocks conditions were 

applied using +Fe media (n=29) while the -Fe & Heat shocks conditions were applied using -Fe 

media (n=28). The Phosphate starvation (-Pi) media consisted of 1% sucrose MS media without 

Phosphate (n=19). Statistical differences between stress conditions were determined using an 

ANOVA/Tukey HSD test in JMP Pro 15.  
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Microscopy 

Imaging was done using a LSM 710 confocal microscope and measurements were taken in Zen. 

Cell walls were stained using 10 µM propidium iodide in water. Excitation of fluorescent protein 

and propidium iodide was performed using 488 nm and 561 nm lasers, respectively. Detection of 

fluorescent protein and propidium iodide was performed at 490 - 556 nm and 620 - 719 nm, 

respectively. Esculin staining was performed in pNAC86-hYFP seedlings, by cutting through a 

cotyledon and applying at most 10 µL of 10 uM esculin to the wound. After 15 minutes, each 

root tip was imaged. For the esculin treatment, all seedlings were imaged using the 405 nm, 488 

nm, and 561 nm lasers to illuminate esculin, fluorescent protein, and propidium iodide, 

respectively. Detection occurred at 523 - 572 nm, 420 - 480 nm, and 621 - 689 nm, respectively. 

Time points of imaging corresponding with Figure 1 included 4d of growth on +Fe (n= 36), 24h 

on +Fe (n= 42) or -Fe (n= 47), 48h on +Fe (n= 24) or -Fe (n= 21), and 72h on +Fe (n= 18) or -Fe 

(n= 24) conditions. Roots under stress conditions were imaged at 72h. pNAC86-hYFP was 

imaged under xs Fe (n= 33), +Fe (n= 30), and -Fe (n= 30) conditions and pCVP2-VENUS was 

imaged under xs Fe (n= 27), +Fe (n= 17), and -Fe (n= 29) conditions at 72h for the imaging 

experiments corresponding with Figure 2.  
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in the PYE genetic pathway 

 

CONTRIBUTIONS 

The addendum “Characterization of novel regulators of Fe deficiency responses involved 

in the PYE genetic pathway” is an ongoing project. The initial mutagenesis experiments were 

performed by Durreshahwar Muhammad and the initial screening experiments were performed 

by Amber Long, Jeff Gillikin, Blake Oakley, and Nashea Williams. The final screening 

experiments were performed by Imani Madison, Kyle Fahey, and Chloe Alexander. 

Development of sequencing populations were performed by Imani Madison.  
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Introduction 

Limited iron bioavailability impacts 33% of the world’s arable land1–3. Iron deficiency (-Fe) is a 

nutritional stress that results in shoot chlorosis and primary root elongation2,4,5. Fe is also a 

micronutrient that is significant for cellular processes such as photosynthesis, cellular respiration, 

chlorophyll biogenesis so plants have intrinsic mechanisms to regulate Fe homeostasis2,4,5. Plants 

have intrinsic regulatory mechanisms that modulate plant growth to adapt to external cues, such 

as stress6–9. POPEYE (PYE) is a significant regulator of Fe homeostasis. PYE positively 

regulates Fe homeostasis by interacting with bHLH factors such as bHLH39 and bHLH101 to 

mediate Fe mobilization10–12 while BRUTUS (BTS) negatively regulates homeostasis by binding 

with ILR3 or bHLH115 which will induce their degradation and subsequently will prevent them 

from binding with PYE to ultimately inhibit Fe mobilization13,14. Thus, PYE and BTS interact 

antagonistically to tightly control Fe homeostasis. Fe responses also include systemic signals to 

coordinate Fe uptake from roots based on Fe need from shoots15. The –Fe network or Fe 

homeostasis regulatory networks are vast. Thus, discovering novel regulators of Fe homeostasis 

is crucial for developing a comprehensive understanding of plant adaptations to Fe stress.  

Enhancer/Suppressor screens are useful in discovering novel regulators16. F2 bulk segregant 

sequencing is a useful method of identifying candidate genes linked with a phenotype of interest 

present in a pool of mutants17. Using these methods, we have begun to identify and characterize 

novel regulators of –Fe or Fe homeostasis that are involved with the POPEYE regulatory 

pathway. In the future, we will characterize the causal mutations of the identified phenotypes and 

elucidate the mechanism of identified genes in regulating Fe homeostasis and how each gene 

interacts with PYE. 
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Results 

This enhancer/suppressor screen was a multi-step process from generating & screening mutants 

to sequencing mutants and SNP identification (Figure 1). First, 2400 pye-1 seeds were 

mutagenized using Ethyl methanesulfonate (EMS) then seeds of the progeny of each individual 

were screened for enhancer- or suppressor- of pye-1 phenotypes. Candidate mutants identified as 

enhancers had shorter roots and more chlorotic cotyledons than pye-1 mutants. Candidate 

mutants identified as suppressors had longer roots and/or reduced chlorosis or cotyledon 

expansion than pye-1 mutants. All lines were initially screened on either trace Fe or –Fe media in 

several iterations. The first screen yielded 748 potential candidates that were then screened on 

trace Fe or –Fe a second time. The second screen yielded 45 potential candidates that had 

consistent phenotypes as observed in the first screen. Finally, all 45 potential candidates were 

screened a third time. As a result, 4 candidates were identified with consistent phenotypes across 

all three iterations. 3 candidates were classified as suppressors while 1 was classified as an 

enhancer (Figure 2). Moreover, the enhancer was screened on +Fe media to ensure that its 

phenotype was not due to mutagenesis-induced albinism. To validate whether the suppressor 

phenotypes were not due to mutations in BTS or due to other mutations in pye-1, we amplified 

and sequenced DNA corresponding to pye-1 and BTS. As a result, no other mutations were 

identified, suggesting that the SNPs that will be eventually identified are not likely to be located 

at either gene locus.  

Because EMS mutagenesis results in random mutations across the genome, we backcrossed each 

candidate to pye-1 twice and then screened the resultant F2 lines to select those whose 

phenotypes were consistent with the corresponding candidate line. The F2 population was then 
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selfed and the resulting F3 population was screened to ensure that the enhancer or suppressor 

phenotype was fully retained and heritable. By Jan 2022, all candidates have been backcrossed at 

least once and two have been backcrossed twice. Two suppressor lines have been screened in 

both the F2 and F3 generations so DNA pooled from ≥1000 F2 plants have been extracted and 

submitted for sequencing. The remaining suppressor and enhancer lines have been backcrossed 

once and will be backcrossed again in the Spring 2022 semester. Future graduate and 

undergraduate students, such as Alienor Hedlund, will screen the F3 population and submit their 

DNA for sequencing. Finally, SNP identification will be performed using SHOREMap.  

Figures 

 

 

Figure 1 Workflow of EMS mutagenesis and screening procedures  
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A   WT     pye-1    368  B     WT            pye-1            1919 D  WT        pye-1       1030 

 

  

E  WT        pye-1       1030 

 

C   WT    pye-1       70   

 

 

Figure 2 Phenotypes of candidate EMS mutants of the M2 generation. A-C 368, 1919, and 70 

have suppressor phenotypes off long roots and/or expanded cotyledons while D 1030 has an 

enhancer phenotype of both short roots and severely chlorotic shoots. E 1030 does not have an 

enhancer phenotype under +Fe conditions. Scale bars = 13 mm 

 

A     WT                 pye-1              x368AA F2  B    WT                  pye-1        x1919AB F2 

  

Figure 3 Phenotypes of sequencing population of two candidates that had been backcrossed 

twice: A 368 (x368AA F2) and B 1919 (x1919AB F2). Scale bars = 13 mm. 
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Table 1 Primer sequences used to amplify sequences associated with PYE or BTS. 

name sequence (5’-3’) purpose 

PYE LP TTCAAGACCTCATTCACTGGC genotyping 

PYE RP TCATTCACTGGCTTTCAGCCG genotyping 

Border primer 

(LB1b) 

GCGTGGACCGCTTGCTGCAACT genotyping and Sanger 

sequencing 

BTS LP  CCAAATGCGTTCGTAGGTAAG genotyping 

BTS RP  TCAGATTTACACAAATTTGCAGC genotyping 

BTS LP 1 CATAAGGCAGTATGTAGTGAGC Sanger sequencing 

BTS RP 2 AGCTCCTTCAGCAGGTTATT Sanger sequencing 

BTS LP 3 CTGGAGCCTCTTCTACTTCC Sanger sequencing 

BTS LP 4 CTAAGCGAACTGCTGTATTGTC Sanger sequencing 

BTS LP 5 GAGTGATTCTATGATGGAGGAC Sanger sequencing 

BTS LP 6 ACTAGAGGCTGAAATCAGGAAG Sanger sequencing 

BTS LP 7 CATCTGCACAACACCTTCAT Sanger sequencing 

BTS RP 8 CTCAACCTCATCCTGAAAAC Sanger sequencing 

 

Materials and Methods 

Seed materials and growth conditions 

Seeds were mutagenized and bulked to the M1 generation in previous work18. All seeds were 

sterilized by wet-sterilization by a 5-min rotation in 70% ethanol, a 15-min rotation in a 30% 

bleach, 0.02% Triton X-100 solution, and 3 rinses in sterile DI water. Seeds were stratified for at 
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least 2 days at 4°C. Seeds were plated on sterile Nylon mesh (Nitex Cat 03-100/44) on either 

+Fe, trace Fe, or –Fe media. +Fe media consisted of 1% sucrose standard Murashige and Skoog 

media supplemented with 0.1 mM Fe-EDTA. –Fe media consisted of 1% sucrose of standard 

Murashige and Skoog media with no Fe supplemented with 300 µM ferrozine as an Fe chelator. 

Trace Fe media consisted of 1% sucrose standard Murashige and Skoog media with no added Fe-

EDTA or chelator. –Fe plants were either plated directly on –Fe or planted on +Fe and 

transferred to –Fe media on day 4 after sowing. Trace Fe plants were directly plated on trace Fe 

media. All plants were grown on a 16-h/8-h day/night cycle in a Percival growth chamber. pye-1 

seeds were generated by a T-DNA SALK insertion line.   

Generation of Sequencing population 

The M2 generation of each candidate was crossed to pye-1 seedlings at 5-6 weeks after sowing in 

soil. Each candidate plant was genotyped to ensure it was homozygous for pye-1 using the 

primers listed in Table 1. pye-1 plants were emasculated and pollenated using pollen taken from 

mature flowers of each candidate plant. Each F1 was then bulked for further screening in the F2 

and F3 generations. 

DNA extraction 

DNA was extracted from pools of at least 1000 seedlings of each F2 population and of pye-1. 

Each pool was initially flash-frozen in Liquid Nitrogen. Immediately prior to extraction, tissue 

from each pool was ground in liquid nitrogen using a mortar and pestle. All tissue was then 

extracted using a QIAGEN DNeasy Plant Mini Kit (#69104). All DNA shearing, library prep, 

and sequencing was then performed by the NCSU Genomic Sciences Laboratory.  

Sanger Sequencing 
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Target genes were amplified using primers listed in Table 1. The PCR products were then run on 

a 1% agarose gel using gel electrophoresis. PYE and BTS were amplified using a Thermo 

Scientific 2x Phusion Master Mix with HF (#F-531) in seedlings of pye-1 and all candidates. 

Amplicons corresponding to the target gene size was then excised for extraction. DNA from each 

excised gel band was then purified using a ThermoScientific GeneJET Gel Extraction Kit 

(#K0691). Sanger sequencing was then performed on the purified DNA by the NCSU Genomic 

Sequences Library. pye-1 was sequenced for the presence of a pye-1 allele using the Border 

primer sequence. BTS was sequenced using 8 sequential sequencing primers to cover the entire 

gene. All resulting sequences were then aligned with each reference gene sequence using 

Sequencher 4.10.1. 
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Appendix A hybrid model connecting regulatory interactions with stem cell divisions in the 

root 

The research article “A hybrid model connecting regulatory interactions with stem cell 

divisions in the root” was published in the journal Quantitative Plant Biology. The authors are: 

Lisa Van den Broeck, Ryan J. Spurney, Adam P. Fisher, Michael Schwartz, Natalie M. Clark, 

Thomas T. Nguyen, Imani Madison, Mariah Gobble, Terri Long, and Rosangela Sozzani.  
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