
ABSTRACT 

SAMIRA, ROZALYNNE. BTS and Interacting Target, ILR3, Modulate Biotic and Abiotic Stress 

Responses. (Under the direction of Terri A. Long). 

 

Iron (Fe) is the fourth most abundant element in the earth’s crust and is an essential nutrient 

for all living organisms. It plays a vital role in several metabolic processes by contributing as a co-

factor. Although present in abundance, in most soils Fe forms insoluble oxyhydroxides which 

decrease its availability plants. Fe deficiency causes chlorosis and loss of yield in plants and anemia 

in human. Like deficiency, excess Fe can also be problematic, causing oxidative stress and permanent 

cell damage or death. As a result, maintaining the balance between Fe acquisition, distribution, 

utilization, and storage is essential for both plants and animals. A Fe binding E3 ligase protein 

BRUTUS ( BTS) was studied to identify how plants sense their Fe status to maintain homeostasis. 

BTS plays a role in targeting Fe deficiency responsive transcription factors (TFs) and post-

transcriptionally regulating their activity. We found that BTS plays a role in plant growth and 

development of reproductive organs of the plant, as well as maintaining Fe homeostasis in the seeds. 

In addition we found that BTS play a role in regulating photosystem II (PSII) structural stability by 

targeting low molecular weight protein PSbW in the nucleus. BTS target, bHLH TF ILR3, is further 

characterized to modulate nutrient, wound, and pathogen stress response by regulating Fe deficiency 

responsive and aliphatic glucosinolate biosynthesis genes. Together these findings suggest that Fe is 

necessary for plants to defend against multiple stresses and that ILR3 plays vital role in 

transcriptionally regulating these processes. 
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ABSTRACT 

Iron (Fe) is an essential micronutrient for all living organisms. It is a group 8 transition metal 

with a range of oxidation states. It is critical for plants because of its role as a co-factor of 

multiple metabolic processes including respiration and photosynthesis. Fe deficiency can 

result in leaf chlorosis, decreased yield and eventually death. In contrast, excess 

accumulation of free Fe can cause cell damage by catalyzing the production of reactive 

oxygen species (ROS). Therefore, Fe is bound to an organic or mineral ligand, and the uptake 

and localization of Fe have to be regulated to maintain proper growth and development of the 

plant. Some historical and more recent studies have shed light on the mechanisms of Fe 

acquisition, translocation, cellular sequestration and remobilization in various plant tissues 

and organelles. In this chapter, we shall review the strategy of Fe acquisition, localization, 

the involvement of gene regulatory mechanism and role of Fe in different cellular processes.  



3 

  

INTRODUCTION 

Fe is the fourth most abundant mineral in the earth crust, however, is not readily 

available to plants because it remains as an insoluble ferric oxide in most soils. Therefore 

plants have developed several mechanisms to acquire Fe from the soil (Figure 1). In Strategy 

I, adopted by non-graminaceous dicot plants, insoluble ferric iron compounds in the soil are 

reduced before uptake (Marschner et al. 1986). In Arabidopsis thaliana, the plasma 

membrane localized H+-ATPase protein known as AHA2 extrude protons into the 

rhizosphere causing acidification of the soil. Acidification results in increased Fe solubility 

(Santi and Schmidt 2009). The root epidermal localized Fe reductase protein FRO2 facilitates 

reduction from ferric iron (Fe3+) to ferrous iron (Fe2+) (Eide et al. 1996; Robinson et al. 

1999). Once the Fe in the rhizosphere is reduced and solubilized, the transport of Fe from the 

rhizosphere into epidermal cells relies on the iron-regulated transporter IRT1 (Eide et al. 

1996).  

In Strategy II, adopted by graminaceous monocots, in response to Fe deficiency, 

Phytosiderophores (PS) of mugineic acid(MA) family are synthesized from L-methionine 

and released in the soil by anionic channels or vesicles (Marschner 1995; Negishi et al. 

2002). PS have a high affinity for ferric Fe and can bind and make a complex of PS-Fe3+ 

(Marschner 1995). Once the complex is formed, it is up taken into the root epidermis by 

Yellow Stripe (YS) protein which belongs to oligopeptide transporter (OPT) family (Von 

Wiren et al. 1994). The YS protein is well characterized in maize.  
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In this chapter, we shall focus on Strategy I, which is utilized by Arabidopsis, and the 

complex regulatory networks surrounding the genes involved in this mechanism. 

Fe translocation in plants 

Once inside the epidermal cells, Fe must be chelated for transportation and can move 

apoplastically and symplastically throughout the root until it reaches the endodermal cell 

layer. From the endodermis, because of the presence of the Casperian band, Fe is transported 

via transporter proteins to the xylem. The pH of the xylem supports a Fe3+-citrate complex, 

while Fe2+-nicotianamine is thought to be the primary form of iron in the phloem (Curie et 

al. 2009; von Wirén et al. 1999). A citrate transporter protein FRD3 is localized in the plasma 

membrane of the vascular cylinder and transports citrate complex to the xylem and thus 

facilitates Fe transport to the shoot (Green and Rogers 2004a). Fe in frd3 mutants is present 

in the shoot and root tissue but mislocalized around the vasculature tissue, resulting in 

chlorotic plants. This suggests that FRD3 plays important role in effluxing citrate from the 

root pericycle to allow for apoplastic Fe solubility and subsequent movement from root to 

shoot tissue (Durrett et al. 2007; Green and Rogers 2004b; Roschzttardtz et al. 2011). FRD3 

appears to mediate citrate efflux into the apoplast between disconnected reproductive tissues, 

supporting both embryo and pollen Fe nutrition (Roschzttardtz et al. 2011). Efflux of Fe itself 

may be facilitated by ferroportin FPN1; a role supported mainly through homology to a 

known mammalian Fe efflux transporter and the mutant chlorotic phenotype (Morrissey et al. 

2009).  
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Phloem Fe movement is facilitated by nicotianamine (NA), a well-studied plant metal 

chelator. Preliminary research on NA’s role in iron uptake in plants comes from the NA-free 

chlorotic tomato chloronerva in which  nicotianamine synthase (NAS) is disrupted (Suzuki et 

al. 1999). nas4 mutants in A. thaliana display similar chlorotic phenotypes (Klatte et al. 

2009). The YSL family of transporters are implicated in both long and short distance NA-Fe 

transport, with YSL2 and YSL3 as potential lateral transporters from apoplast to symplast in 

the shoot following xylem unloading (Chu et al. 2010; Curie et al. 2008; DiDonato et al. 

2004; Waters et al. 2006). The oligopeptide transporter OPT3 functions in Fe transport to 

developing seeds through the phloem (Stacey et al. 2008).  

            

Sub-cellular localization and functions of Fe 

Fe is essential for chlorophyll assembly, and it is a cofactor for several photosynthetic 

electron transport chain enzymes. Therefore, maintaining sufficient transportation and 

sequestering Fe in the chloroplast is critical for plants. PIC1, localized in the inner envelop of 

the chloroplast is one of the few known chloroplast Fe transporters (Duy et al. 2007) (Figure 

3). In the pic1 mutant Fe is mislocalized and IRT1 is repressed in the root suggesting that 

chloroplast Fe sensing can regulate root Fe intake. FRO7 is also present in the chloroplast 

membrane indicating ferric Fe is transported to and then reduced in chloroplast (Shingles et 

al. 2002). Inside the chloroplast to avoid ROS effect excess Fe in sequestered in Ferritin 

(FER) 1, FER2 and FER3 (Petit et al. 2001). 

Fe is a key component of photosynthesis. 90% of the plants’ total Fe is localized in 

leaf plastids. Fe contributes to heme biosynthesis and Fe-S cluster formation in the 
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chloroplast. Fe plays a very important role in electron chain transfer because of its ability to 

donate and accept electron in Fe-S and heme structure. It is an important component of PSII, 

Cytb6f, and PSI. In PSI there are three 4Fe-4S in the center of the system, hence Fe 

deficiency severely affect PSI stability. In Fe deficiency all the components of 

photosynthesis lack in efficiency causing chlorosis.  

There is not a lot known about how chloroplast sense Fe status. Excess accumulation 

of Fe can cause ROS effect whereas deficiency can alter photosynthetic efficiency. We know 

that Fe reductase enzyme FRO7 associated with the chloroplast membrane are necessary to 

reduce ferric Fe to ferrous Fe and then taken inside the chloroplast. In the fro7 mutant, 33% 

reduction in Fe content occurs in the chloroplast resulting in defects in photosynthetic 

electron transport in fro7 mutant grown on alkaline soil (Jeong et al. 2008). Ferritin was 

identified as Fe storage protein in the chloroplast. Recently, mitochondrial Frataxin is also 

identified to play a role in chloroplast Fe storage and Fe-S biosynthesis(Turowski et al. 

2015).  A better understanding of the mechanism involved in chloroplast Fe homeostasis will 

lead us to develop more efficient photosynthetic crops growing under nutritional stress 

condition. 

In mitochondria, Fe is transported through ATM3 transporter protein localized in the 

mitochondrial inner membrane (Kispal et al. 1997) and sequestered by FER4 and Frataxin 

proteins (Busi et al. 2004). Loss of frataxin activity can cause embryo-lethality and knock 

down mutants show no lethality but rather increased ROS accumulation (Busi et al. 2006). 
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The vacuole is the main storage pool for Fe and very important for seed Fe storage 

(Figure 3). Vacuolar Fe transporter VIT1 can mediate Fe movement into the vacuole and is 

required for Fe localization in the developing embryo (Kim et al. 2006). Metal influx 

transporters NRAMP3 and NRAMP4 are capable of moving vacuole globoid-associated Fe 

into the cell when it is needed during seed germination, specifically under iron deficiency, 

indicating an important role for the vacuole in seed Fe nutrition (Lanquar et al. 2005).  

 

Technologies to visualize and quantify Fe in-vivo 

Plants maintain a tight regulation of transportation and sequestration of Fe in different 

tissues, cells, and organelles. Proper localization of Fe inside the plant system is very 

important as the same qualities that make it a useful cofactor in respiration and 

photosynthesis (redox reactivity between Fe2+ and Fe3+ oxidation states) also make it 

capable of creating damaging reactive oxygen species. Based on these realities, the total soil 

or plant iron content is not particularly informative without considering its more precise 

location and state. Most studies are exclusive to gene upregulation and Fe uptake in the root 

and eventual use of Fe in specific cells and organelles, most often in the chloroplast of leaf 

tissue. However, Fe is an essential nutrient for all plant cells and may be utilized by various 

tissue and cell types in diverse ways. Thus, the ability to determine the mechanisms of Fe 

delivery and use throughout a plant hinges on the ability to differentiate between various iron 

sources and pools and to visualize Fe localization in vivo (Samira et al. 2013). Imaging 

techniques will provide momentum for this field and will allow for a more broad and 
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unbiased understanding of Fe pathways. We reviewed recent advances in imaging techniques 

involved in Fe localization (Table 1) (Samira et al. 2013). 

 

Regulatory processes that control Fe homeostasis 

The gene regulatory network involved in maintaining Fe homeostasis is widely 

studied. bHLH transcription factors are the largest number of TFs that was found to play a 

vital role in regulating genes involved in Fe uptake and translocation. In response to Fe 

deficiency, the first TF shown to play a critical role in Fe homeostasis is the bHLH TF. fit 

mutations are lethal at the seedling stage (Colangelo and Guerinot 2004a), and FRO2 and 

IRT1 expression are induced under Fe deficiency directly by FIT whereas AHA2 expression 

was indirectly induced (Colangelo and Guerinot 2004b; Santi and Schmidt 2009). 

Overexpression of FIT and FIT homologs bHLH38, bHLH39, or bHLH101 can induce FRO2 

and IRT1 expression even under Fe sufficient condition (Wang et al. 2012; Yuan et al. 2008). 

Apparently, FIT forms functional heterodimers with these bHLH proteins to transcriptionally 

regulate the expression of genes involved in Fe uptake at the epidermis.  

To identify other TFs involved in maintaining Fe homeostasis a high-resolution 

transcriptional profile of the Arabidopsis root under Fe deficiency was made (Dinneny et al. 

2008). Mutants of TFs found to be co-expressed under Fe deficiency were screened in this 

study and POPEYE(PYE), a bHLH TF, and BRUTUS(BTS), a Fe binding RING domain 

protein, were determined to be co-expressed in response to Fe deficiency. Although PYE and 

BTS did not physically interact with each other, they both interacted with other bHLH TFs 

which were homologs of PYE namely bHLH104, bHLH 105 (ILR3) and bHLH 115 (Long et 
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al. 2010). pye-1 mutants show chlorotic leaves and shorter root length in Fe deficient media 

in compare to WT indicating that plays a role in Fe deficiency response mechanisms. In a 

ChIP-chip experiment, PYE was found to bind to the promoters of NAS4, ZIF1, and FRO3, 

which are all Fe deficiency responsive genes. The subsequent qRT-PCR analysis determined 

that PYE represses all three of these genes (Long et al. 2010). However, bts-1mutants 

showed exact opposite phenotype than pye-1 under Fe deficiency. bts-1 mutant had longer 

root length and greener leaves in compare to WT and pye-1 mutant indicating that it may be 

a negative regulator of Fe deficiency response; hence in the absence of BTS plants are doing 

better under Fe deficiency (Long et al. 2010). 

To understand further how BTS may negatively regulate Fe deficiency response. We 

studied the structure and function of BTS in more detail. BTS has three hemerythrin (HHE) 

domains, and it can bind Fe with this domain. In Fe sufficiency, Fe binds to the HHE domain 

and induces a change in structural conformation in BTS making it a Fe sensing protein. With 

The E3 ligase domain, BTS can bind to its target protein like ILR3 and bHLH115 and can 

cause ubiquitination of the target proteins and eventually degradation by the 26S proteasome 

(Selote et al. 2015). In bts-1 mutants, ILR3 and bHLH115 are more stable irrespective of Fe 

availability.  

  Another study showed that bHLH 104 and ILR3 are able to bind to the promoters of 

multiple Fe deficiency responsive genes including bHLH38, bHLH39, bHLH100, bHLH101 

and PYE but do not bind to the promoter of FIT (Zhang et al. 2015) indicating their roles in 

regulating several TFs involved in Fe deficiency response in a FIT independent manner. All 
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other Fe deficiency responsive genes were misregulated in bhlh-104 mutant but were not 

directly regulated by the bHLH104 TF. These findings lead to a model involving all these 

bHLHTFs and the BTS protein which physical bind to them and promotes their degradation 

(Figure 4). 

 

The role of Fe in glucosinolate production: 

Oxidative enzymes catalyze many metabolic reactions in all living organisms. 2-

oxoglutarate/Fe(II)-dependent dioxygenases (2-ODDs) is one of such catalytic enzyme which 

depends on of ferric Fe for its oxidative reactions. This non-heme protein is widely 

distributed in microorganisms, animals, and plants (De Carolis and De Luca 1994). 2-ODD 

belongs to a small gene cluster which encodes three different enzymes APO2, APO3 and 

GSL-OH which contributes in the side chain modification of glucosinolate (Hansen et al. 

2008; Kliebenstein et al. 2001). Glucosinolates are nitrogen and sulfur-containing secondary 

metabolites found mainly in the order Brassicales. Glucosinolates function as both protective 

agents and insect attractants. During the biosynthesis of glucosinolates, the core structure 

undergoes rounds of side chain modifications giving it functional variation. A recent paper 

showed that Fe deficiency responsive TF ILR3 regulates 13 glucosinolate biosynthesis 

genes(Li et al. 2014). But, no study has been done so far to understand whether Fe deficiency 

has any impact on glucosinolate biosynthesis and function. However, these data shows that 

Fe act as a co-factor for several catalytic proteins involved in glucosinolate modification and 

Fe deficiency responsive TF also negatively regulates GLS biosynthesis genes. In this study, 

we have characterized role of ILR3 in GLS biosynthesis under Fe deficiency. To understand 
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the physiological impact, we have also assayed cyst nematode infection rate in the root of the 

ilr3-2 mutant in different growth conditions. Our data suggest, in ilr3-2 mutant the pathogen 

infection get significantly reduce compare to WT. 

 

The role of Fe in plant-microbe interactions 

Fe is known to play a critical role in plant-microbe interaction as it is critical for the 

survival of both plant and microbes. The plant usually interacts with both non-pathogenic and 

pathogenic microbes. Plants responses vary depending upon the type of microbe it associates 

with. In this section, we shall discuss briefly the role of Fe in plant-microbe interactions. 

Plants provide nutrients like Fe to growth-promoting rhizospheric bacteria in 

exchange for anti-microbial compounds that prevent pathogenic infection (Chet et al. 1990). 

Many genes like MYB72, IRT1, and FRO2 are up-regulated under Fe deficiency and also 

during beneficial bacteria treatment, indicating that the systemic response induced by non-

pathogenic bacteria is correlated to the accumulation of Fe (Zamioudis et al. 2015). TF 

MYB72, upregulated under Fe deficiency, causes BGLU42 gene induction which is 

responsible for phenolic compound production in the root (Zamioudis et al. 2015). Bacterial 

volatile compounds induce MYB72 expression, and MYB72 is also a direct target of FIT 

under Fe deficient condition (Sivitz et al. 2012; Zamioudis et al. 2015). In  fit1 and bhlhh38 

loss of function mutants, MYB 72 expression was severely compromised (Zamioudis et al. 

2015) indicating dual roles of MYB72 in Fe deficiency and plant pathogen interaction.  

Plants depend on effective, innate immunity to defend against pathogens. To prevent 

pathogen invasion, they produce callose, lignin, phenolic compounds, glucosinolates and 
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reinforce the cell wall and xylem vessels. There is also curling and senescence of affected 

leaves to prevent pathogen spread (Funnell-Harris et al. 2015; Menden et al. 2007; Mittler 

2002). Plants also produce specialized pathogen-specific recognition components to combat 

the attack by inducing a systemic response (Boller and Felix 2009) (Monaghan and Zipfel 

2012). Fe plays a much-generalized role during the plant-pathogen interaction. In response to 

pathogen attack, plants remobilize Fe from the vacuole to the apoplast to elevate stress 

response. This apoplastic over accumulation of Fe also induce pathogen responsive (PR) 

genes (Liu et al. 2007). Over accumulation of Fe in the apoplast causes a subsequent 

intracellular Fe deficiency response and induction of Fe deficiency responsive genes. During 

pathogen attack upregulation of host-ferritin is also observed. Ferritin may be required to 

sequester excess Fe and to deprive pathogens of a key nutrient (Dellagi et al. 2005).     

Several bacteria and fungi have been studied to understand what genes are induced in 

the host and pathogen during the interaction. The role of Fe in pathogen-induced infection 

resistance in the plant is not well studied. But the exogenous application of Fe can reduce the 

severity of some diseases like rust in wheat leaves and Colletotrichum in banana (Graham 

1983; Graham and Webb 1991). Similarly, by applying Fe in the leaf resistance against 

Sphaeropsis in apple and pear and Olpidium in cabbage can be increased (Graham 1983). 

Another plant root pathogen cyst nematode cause loss of millions of dollars every year 

globally. It can infect more than 200 plants including agronomically important crops like 

beet, sugar beet, cabbage, broccoli. Cyst nematode live on host plant’s root and derive 

nutrients form them (Davis et al. 2004). Plants are known to exudate chemicals to attract 

another pathogen to attack this parasitic nematodes (Kerry 2000). However, out of all the 
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nutrients, it extracts from host root, what is the impact of Fe and out of all the root exudates 

in the defense response what is the role of glucosinolate was not very well studied. There is 

very little known about how the plant Fe status affects plant-cyst nematode interactions. 

Additional studies are needed to better understand what genetic approach we should adopt to 

have better resistance to cyst nematodes. 
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SCOPE OF THIS THESIS 

     This study focused on the characterizing BTS as one of the Fe sensors of Arabidopsis 

plant and showed how BTS could target bHLHTF ILR3 and bHLH115 to modulate Fe 

deficiency response. We have also studied the role of BTS in plant growth and development 

with special emphasis on its role in contributing to seed Fe content. We have studied BTS 

target ILR3 in different metabolic processes and found that ILR3 is one of the TFs that 

contribute in cross-talk between multiple stress responses. We have studied the impact of 

glucosinolate production and Fe status on plant-pathogen interaction.We have also 

determined that BTS can interact with another protein named PSbW, a PSII stabilizing 

protein, in the nucleus indicating nuclear regulation of photosynthetic proteins. Over all, this 

is a comprehensive study to elucidate the role of Fe, Fe binding regulatory protein, and Fe 

deficiency responsive TFs in maintaining growth, development and pathogen defense.  
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Technique 

Detection 

method/resolution Advantages Disadvantages Findings 

Perls/DAB 
Light microscopy 
image/subcellular 

Facile Fixation required for 

highest resolution 

Fe distribution during embryogenesis, 

mature seeds, germination and 
throughout development 

(Roschzttardtz et al. 2010) 

  

Does not require 
expensive 

instrumentation or 
technical expertise 

Quantification not 
possible 

Role of many Fe homeostasis genes 

Transmission electron 

microscopy/Electron 
spectroscopic imaging 

Electron energy loss 
spectra/subcellular 

High resolution Requires fixation Role of NRAMP3/4 (Lanquar et al. 
2005a) 

Role of pH in seed ferritin 

disassociation (Yang et al. 2010) 

    Energy-dispersive X-
ray analysis 

X-rays/subcellular High resolution Requires fixation Fe–phosphate complexes in vacuoles 
Fe mislocalization in chloronerva 

(Becker et al. 1995) 

    Micro-particle induced 
X-ray emission 

X-rays/subcellular Does not require 
fixation of dry samples. 

3D elemental map 

construction 

Wet samples must be 
treated with cryo-fixation 

or chemical fixation 

Fe in bean seeds (Cvitanich et al. 
2010) 

Nuclear localization of Fe 

(Roschzttardtz et al. 2011a) 
Synchrotron X-ray 

fluorescence 

microtomography 

X-ray 
fluorescence/cellular 

Does not require 
fixation of dry samples. 

3D elemental map 
construction 

Instrument inaccessibility 
and expertise required 

Role of VIT1, YSL1 and YSL3 in Fe 
localization (Chu et al. 2010b) and 

(Kim et al. 2006a) 

Turn-on fluorescent 
Fe3+ sensor: RPE 

Fluorophore/N/A In vivo imaging 
capability 

Not yet used in plants N/A 

Secondary ionization 

mass spectrometry 

Secondary ions/cellular High sensitivity Instrument inaccessibility 

and expertise required 

Effect of Fe plaques on As absorption 

in rice roots (Moore et al. 2011) 
Laser ablation 

inductively coupled 
plasma mass 

spectrometry (LA–
ICP-MS) 

ICP-MS/cellular High sensitivity Sample ablated Fe detection in tobacco cells (Becker 

et al. 2008) 

 

Table 1: Imaging techniques involved in Fe localization study (Samira et al. 2013)  
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Figure 2: Transporter assisted movement of Fe from root to shoot and to seed 
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Figure 3: Sub-cellular localization of Fe assisted by reductase and transporter proteins 
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 Figure 4: Role of BTS and bHLH TFs in several metabolic processes 
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CHAPTER 2 

Iron binding E3 ligase mediates iron response in plants by targeting basic helix-loop-

helix transcription factors. 
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CHAPTER 3 

Alterations in silique metal transporters are associated with excess Fe accumulation in 

bts-1 
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ABSTRACT 

Plants have evolved various mechanisms to facilitate iron uptake from the soil, mobilization 

from root to developing shoot, and finally loading into the reproductive tissues for proper 

seed development. However, excess iron can cause embryo lethality due to the generation of 

damaging reactive oxygen species (ROS). Hence, tight regulation of iron homeostasis is 

essential for the normal growth cycle of plants. Exactly how plants sense iron deficiency and 

abundance, in particular, during reproductive growth and seed development, and triggers the 

expression of genes to maintain homeostasis under fluctuating conditions is still largely 

unknown. Previously, we have identified a novel iron-sensing protein BRUTUS (BTS) that 

plays an important role in the iron deficiency response in roots. BTS encodes a protein with 

three iron-binding hemerythrin motifs and an E3 ligase RING domain. In this study, we 

focused on the role of BTS in controlling iron content in developing A. thaliana seeds. In 

addition to affecting root and shoot responses to iron availability, loss of BTS function also 

leads to complete embryo lethality.  Partial loss of expression of BTS causes insensitivity to 

iron deficiency, and 5-10 % increased embryo lethality compared to wild-type plants. We 

have conducted experiments to evaluate the effect of differential iron levels in the soil on the 

reproductive growth and embryo lethality in BTS mutant alleles. These findings shed new 

light on the role of BTS in regulating the seed Fe homeostasis and will aid in development 

seed biofortification strategies that avoid embryo lethality caused by excess Fe.  
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INTRODUCTION 

Iron is an essential mineral nutrient for growth and development of all living 

organisms. Iron deficiency is a major nutrient related health problem affecting approximately 

30% of the global population. Plant-based diets are the primary source of iron nutrition for 

animals and humans. Therefore, it is necessary to understand the molecular mechanism(s) 

involved in regulating the concentration of iron in the edible parts of the plants, especially the 

seeds, to improve the nutritional values of crop plants. 

Seed-bearing plants store necessary nutrients inside the seed during the process of 

seed development to ensure successful germination and survival of the plant. Seeds are also 

an important source of protein and minerals for humans and animals. Improving seed-iron 

content can thus be an excellent solution for solving Fe deficiency related anemia and birth 

defects particularly in developing countries where populations rely heavily on plant-based 

diets. 

Maintaining seed nutrient homeostasis is critical for embryo development as excess 

mislocalized Fe can cause ROS formation leading to cellular damage. Low nutrient content 

can lead to defective embryo development and unsuccessful germination causing yield loss 

(Stacey et al. 2008). Excess free Fe generates high levels of oxygen and hydroxyl free radical 

through the Fenton reaction this highly reactive hydroxyl radical initiate oxidation of organic 

substrate leading to degradation of membrane phospholipids (Halliwell and Gutteridge 

1992). Enriching seeds nutrient content, also known as biofortification, requires an 

understanding of the molecular mechanism(s) involved in regulating the concentration of 
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iron in seeds, including transporter proteins and regulatory processes involved in the long 

distant transport of nutrients from the soil to seed. In this chapter, we shall discuss the role of 

BTS in the acquisition, transportation, and storage of Fe inside the seed, BRUTUS contains 

three hemerythrin domains to facilitate Fe binding and an E3 ligase domain that facilitates 

interaction with several Fe deficiency responsive transcription factors (TFs) (Selote et al. 

2015). The interaction between BTS and TFs, which requires the E3 domain, leads to 

ubiquitination and subsequent 26S proteasome mediated degradation (Kobayashi et al. 2013; 

Selote et al. 2015). BTS, also known as EMB-2454, knock-out mutants are embryo-lethal 

which indicates that BTS is essential for the growth and development of the plant (McElver et 

al. 2001; Meinke et al. 2008; Tzafrir et al. 2004). We verified that BTS is an E3 ligase 

protein that can modulate Fe deficiency responses (Selote et al. 2015). We also found that the 

homozygous knock-down bts-1, bts-10 and bts-12 mutants show 3-6% embryo lethality and 

elevated level of Fe accumulation in seeds grown under normal growth condition (Selote et 

al. 2015).We speculated that alternation in Fe transport mechanism might have caused excess 

Fe accumulation and led to embryo defectiveness (Selote et al. 2015). 

Several transporters involved in iron mobilization between the root and seeds have 

been identified. OPT3 belongs to the oligopeptide transporter protein family. opt3-1 

homozygous knock-out mutant is embryo lethal (Stacey et al. 2002). However, another allele, 

opt3-2, with reduced OPT3 expression contains lower seed Fe content and excess Fe 

accumulation in root and leaves (Stacey et al. 2008). These findings suggest that OPT3 is 

necessary for Fe loading in the seed; however they do not clarify why opt3-1 mutants are 

embryo lethal. It was speculated that Fe loading might have been severely compromised in 
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opt3-1 seeds resulting in abnormal plastid development, and consequently, lethality. A recent 

study showed that in opt3-2 mutants there is a high accumulation of Cd and by using 

radioactive tracers it is evident that OPT3 is necessary for moving Fe out of the leaf 

(Mendoza-Cózatl et al. 2014). 

In contrast, Ferric Reductase Defective 3 (FRD3) is an efflux transporter of citrate 

expressed in the root, flower and also seed. Loss of FRD3 function leads to defective 

germination and sterility. However, both phenotypes can be rescued by exogenous 

application of Fe and citrate (Roschzttardtz et al. 2011). The citrate transported by FRD3 

associates with Fe and this association is important for supplying Fe in the apoplastic space, 

which facilitates Fe supply in tissues that are symplastically disconnected.  

Another transporter involved in Fe transportation from shoot to seed in Arabidopsis is 

YSL1. YSL1 transports Fe-NA complex remobilized from senescent leaf to the seed. A loss 

of function mutant ysl1 showed reduced Fe and NA in seeds (Le Jean et al. 2005; Lucena et 

al. 2006). YSL1 is homologous to maize Yellow Stripe transporter which facilitates the 

transportation of phytosiderophores (PS) chelated to ferric Fe into the root epidermis (Curie 

et al. 2001; von Wirén et al. 1999). In dicots, a strong metal chelator, nicotianamine (NA) 

maintains Fe and copper homeostasis through long distant transportation via the phloem by 

forming Fe-NA complex. In Arabidopsis, YSL1 is upregulated by the presence of excess Fe 

and facilitates Fe-NA complex in long distant transportation through the xylem. This Fe-NA 

association is necessary to load Fe in the seed (Le Jean et al. 2005). In ysl1 mutants, there is a 

65% reduction in Fe content in the seeds and seeds exhibit slow germination rates even in the 



57 

 

presence of exogenous Fe media. These findings indicate that YSL1 is a very important 

transporter that helps move NA-Fe complexes to the seed. 
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RESULTS 

BTS expression is repressed under Fe deficiency in developing siliques 

BTS is a Fe sensor protein with three hemerythrin domains through which it binds Fe 

(Kobayashi et al. 2013). BTS is induced in response to low Fe in Arabidopsis roots. However, 

it is constitutively expressed in shoots in the seedling stage as well as in mature leaves 

flowers, and developing and mature siliques (Selote et al. 2015). BTS modulates the Fe 

deficiency response by interacting with and facilitating the degradation of Fe deficiency 

responsive TFs (Selote et al. 2015). To understand the role of BTS in developing embryos, 

we grew Col-0 (WT) and bts-1 mutants on normal soil and alkaline soil (CaO treated, pH 7-

8). We then checked BTS expression in the young siliques collected from the above-

mentioned plants. Under alkaline conditions, Fe is unavailable to the plant as it forms 

insoluble ferric form and causes Fe deficiency in plants. Under Fe deficiency, BTS 

expression is repressed in WT siliques (Fig 1A). This result indicates that in developing 

siliques, where embryos are developing and storing Fe for future use, BTS may not regulate 

Fe deficiency responses as it does in the root. Plants may repress BTS mediated regulation in 

the silique under alkaline condition to maintain seed Fe level irrespective of growth 

conditions. 

 

Fe availability alters embryo-lethality in bts mutants 

 BTS knockout mutants were previously identified as embryonic lethal (McElver et al. 

2001) and the heterozygous knock-out allele,emb-2454-2+/- exhibits  ~20% embryo lethality 
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(Meinke et al. 2008). Furthermore, bts-1 mutants induce a higher Fe deficiency response, 

which may explain the higher accumulation of Fe in both rice and Arabidopsis seeds 

(Kobayashi et al. 2013; Selote et al. 2015). bts-1, a homozygous knockdown allele, also 

exhibits embryo lethality, however, it was significantly lower than the emb-2425+/-  (Selote 

et al. 2015). While these previous studies indicate that BTS function is correlated with 

elevated seed Fe and embryo lethality, questions remained about the mechanism involved in 

excess Fe transport in normal growth condition of bts-1 mutant seeds.  To understand why 

disruption of BTS activity caused lethality and elevated Fe in seeds, and whether bts-1 

lethality is due to excess accumulation of Fe, we grew WT, bts-1 and emb-2425+/- lines on 

the normal and alkaline soil. As alkaline pH(7-8) makes Ferric Fe insoluble, Plants are Fe 

deficient when grown in alkaline soil whereas in the normal soil the pH is 5-6. We found that 

similar to our previous study, emb-2425+/- mutant exhibits significantly higher lethality than 

WT or bts-1, but that alkalinity reduced lethality in both bts-1 and emb-2425+/- alleles (Fig 

1B). To understand whether bts-1 lethality is associated with Fe accumulation, we conducted 

histochemical Perls' staining of the imbibed seeds of WT and bts-1 mutants (Fig 1 C). We 

found that bts-1 mutants stain darker than WT embryo indicating a higher level of Fe
3+

 in 

imbibed seeds under both normal and alkaline growth conditions in comparison to WT. WT 

embryos grown in normal condition stained darker than WT embryo grown on alkaline 

condition whereas bts-1 embryos generated in alkaline soil had darker stain compare to the 

one grown in normal condition. To corroborate this finding, we measured Fe content in WT 

and bts-1 seeds from plants grown under normal and alkaline growth conditions by 

Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) (Fig 1D).  
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Since bts-1 mutants exhibit lethality and contain more Fe, we hypothesized that under 

alkaline conditions, when Fe is poorly available, bts-1 mutants would contain less seed Fe 

than when grown on normal soil resulting in less lethality. Indeed we observed decreased 

lethality for both bts-1 and emb-2454 when seeds were developed in alkaline soil (Fig 1B). 

WT seeds contained a slight reduction in Fe when developed under alkaline conditions, as 

expected, although not statistically significantly lower than normally grown seeds. 

Surprisingly, bts-1 seeds contained slightly more Fe when developed in alkaline soil 

compared to that grown on normal soil. Although previous measurements (Selote et al. 2015) 

indicated that bts-1 seeds contain more Fe than WT under normal soil conditions, we found 

that, compared to WT, Fe is particularly elevated in bts-1 seeds developed in alkaline soil. 

Thus, the decreased lethality exhibited by bts-1 mutants, when developed under alkaline soils 

versus normal soil, is not due to containing less Fe. One possible explanation for this finding 

is that alkalinity causes elevated Fe deficiency responses leading to sequestration of excess 

Fe and consequently, decreased embryo lethality.  

To explore this possibility further, we examined Fe transporters with known roles in intra- 

and intercellular Fe movement.  

 

BTS controls expression of seed Fe transporters 

  Oligopeptide transporter (OPT3) is a phloem-specific transporter that mediates Fe 

loading into the phloem (Zhai et al. 2014). The knockout mutant opt3-1 was reported to be 

embryo lethal (Stacey et al. 2002). The opt3-2 knockdown mutant has a high accumulation of 

Fe in the shoot and has low Fe in the embryo compared to WT indicating its role in loading 
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Fe in the seed (Stacey et al. 2008). Another group showed that in the opt3-2 mutant the Fe 

transporter IRT1 is highly expressed resulting in excess Fe, Mn, and Zn accumulation. opt3-2 

mutants also over accumulated Cd in the seeds. When we checked OPT3 expression in the 

siliques of WT and bts-1 mutant grown in both soil conditions we found that OPT3 

expression is downregulated in WT under alkaline conditions. This suggests that in low Fe 

condition, reduced OPT3 may have caused lower Fe storage in WT (Fig 2A).  bts-1 seeds 

that develop under alkaline conditions contained higher Fe content compared to WT 

suggesting that BTS may control some other transport mechanism involved in seed Fe 

loading. 

  The citrate effluxer, FRD3, facilitates Fe movement through symplastically 

disconnected tissues (Roschzttardtz et al. 2011). frd3 mutants had decreased germination 

rates, and shoot chlorosis suggesting that FRD3 is required for citrate-mediated Fe 

mobilization during the early stages of embryo development (Durrette et al, 2007). As a 

result, although there was sufficient Fe stored in the seed, gained by the help of some other 

transporters, the lack of Fe movement to symplastically disconnected tissue during early 

developmental stages caused slow germination rate (Roschzttardtz et al. 2011).When we 

checked the expression of FRD3, we found that it is reduced significantly in WT siliques but 

not in bts-1 siliques under alkaline condition (Fig 2B), similar to that of OPT3 expression. 

This result suggests that BTS may have a negative regulation over FRD3 in Fe deficient 

condition and its absence elevated FRD3 accumulation may cause citrate-mediated high Fe 

accumulation. 
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 Another family of characterized transporters involved in Fe translocation is the YSL 

family. These proteins are expressed in all developmental stages of reproductive tissues. ysl1 

and ysl2 mutants show Fe deficient phenotypes including chlorotic leaves and short roots. 

The double mutant ysl1/ysl2 has arrested embryo development (Waters et al. 2006), low Fe 

content in seeds and Fe mobilization from senescing leaves to seed is impaired. We checked 

the expression of YSL1 and YSL3 in the siliques of WT and bts-1. The YSL3 expression is 

elevated in bts-1 siliques under normal condition, although not significantly. However, YSL1 

is elevated in bts-1 mutants grown on normal soil and alkaline soil, compared to WT normal 

condition (Fig 2D).These results suggest that it is possible that elevated YSL1 causes higher 

Fe accumulation in bts-1 mutants under both growth conditions (Fig 2C). BTS may 

negatively regulate protein expression indirectly or YSL1 stability.  

 

Fe sequestration plays a role in reducing embryo lethality 

   Seed Fe storage can be facilitated by the Fe storage protein Ferritin as well as 

sequestration of Fe into the vacuole. To avoid ROS-induced cellular damage, excess Fe must 

be sequestered. To determine whether elevated Fe in bts-1 mutants is associated with 

increased Ferritin expression we checked the expression of Ferritin1 in the siliques of WT 

and bts-1 mutants grown in normal and alkaline soil. Ferritin1 is highly expressed in bts-1 

mutants under normal growth condition in comparison to WT, but expression is reduced in 

alkaline condition but still higher than WT level (Fig 3A). This result suggests that Ferritin 

protein helps in binding and may be sequestering excess Fe in the mutant seed to avoid ROS-

induced cell damage. 
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Another Fe transporter of interest is VIT1, which transports Fe into the vacuole. The 

vacuole is another cellular organelle, other than the plastid, that can store Fe and prevent Fe 

induced cellular damage. When we checked VIT1 expression levels in the siliques, we found 

in normal growth conditions, WT and bts-1 have a similar level of VIT 1 expression. 

However, under alkaline conditions in which WT VIT1 levels are significantly reduced, the 

expression is as high as WT under normal growing conditions in bts-1 mutants (Fig 3B). 

These results suggest that the excess Fe that was found to accumulate in the silique of the 

bts-1 mutant in alkaline condition (Fig 1D) may be sequestered in the vacuole via VIT1 

mediated transportation. 

 There are two other vacuolar Fe transporters NRAMP3 and NRAMP4 that help 

remobilization of Fe by exporting Fe out of the vacuole to the cytoplasm. Both NRAMP3 and 

NRAMP4 expression in the bts-1 mutant was at the WT level and reduced in alkaline 

condition (Fig 3D). This results not only helps verify that we have induced iron deficiency 

conditions in developing seeds by growing them in alkaline soils, but they also help define 

the roles of BTS in this process.  

BTS interact with PSbW in the nucleus: 

 We found that BTS controls the expression of known Fe transporter and storage 

proteins. However, questions remain as to whether BTS, an E3 ligase, might directly interact 

with Fe transporters or TFs that control the expression of Fe transporters in the shoot. 

Therefore, we performed yeast two-hybrid screening with the BTS protein as bait and a 

seedling shoot-specific cDNA library as prey. We found five interacting proteins (Fig 4, 

Supplemental Fig 1). We did not find any transporters in this screen, most likely because 
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such TFs are membrane localized. However, we did identify bHLH115 (a PYE homolog) as 

an interacting protein. Notably, bHLH115 was also found to interact with BTS in a root-

specific Y2H screen as well is via BiFC and Co-IP (Selote et al. 2015) indicating that there is 

some shared function of this interaction in the root and the shoot. However, one of these 

proteins is Photosystem II (PSII) reaction center protein W (PSbW)(AT2G30570). PSbW is a 

low molecular weight protein (6.1 KDa) located close to the minor antenna of PSII system 

(Garcia-Cerdan et al. 2011). This protein modulates the PSII-LHCII formation and stabilizes 

this complex. In the knock-out psbw mutant the PSII-LHCII super complex is undetectable, 

and the phosphorylation of PSII core proteins and the redox potential of PQ is altered. 

However, there is only a minor decrease in chlorophyll fluorescence, and the psbw mutant 

has no phenotype. This suggests, that PSbW is necessary for 

 the organization and efficient photosynthesis, but not essential for normal growth and 

development (Garcia-Cerdan et al. 2011). However, little is known about whether this 

protein may play a role under stress conditions. Moreover, the interaction of PSbW with BTS 

indicates BTS has a role to play in regulating photosynthetic complex stability.  

 To understand the sub-cellular location of PSbW, we made a PSbW-eGFP construct 

and transiently expressed it in N.benthamiana. We found that PSbW is localized in both 

nucleus and plastid (Fig 4B). To understand where the BTS-PSbW interaction takes place, 

we conducted a BiFC assay and found that BTS-PSbW interaction takes place in the nucleus 

and absence of E3 domain in BTS, the interaction is absent (Fig 5). This result suggests that 

BTS interact with PSbW through E3 ligase domain in the nucleus.  
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 To gain insight into the biological relevance of the BTS-PSbW interaction, we 

immunodetection PSbW from the WT, bts-1, psbw and bts-1/BTS: BTS:: GFP(bBG) lines 

using an anti-PSbW antibody on leaf extract. Since this interaction takes place in the nucleus 

and the PSbW protein is abundant in the leaf, we also conducted protein analysis with the 

nuclear fraction of total protein. We found that in a bts-1 mutant background there is a higher 

accumulation of the protein (Fig 6). This suggests that BTS binds and cause degradation of 

PSbW in the nucleus and may thus play a regulatory role in photosynthesis. Further analysis 

is needed to validate the physiological relevance of the BTS-PSbW interaction.  
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DISCUSSION 

Under alkaline growth conditions, both homozygous and heterozygous BTS mutants 

showed reduced lethality. The presence of high Fe content in the seeds of bts-1mutant grown 

under alkaline conditions indicates that excess Fe probably is a secondary effect of loss of 

BTS function and that BTS may play a vital role in embryo development yet unknown. 

         Low Fe in seed was previously associated with embryo-lethality (Selote et al. 2015). 

In the opt3-2 knockout mutant, there was excess Fe in rosette leaves, inflorescence stem, and 

siliques, but there was low Fe in the seed indicating that OPT3 plays a role in seed Fe 

mobilization and that lack of OPT3 causes lethality (Stacey et al. 2008). Transporter proteins 

YSL1 and YSL3 were also reported to be associated with metal-NA transportation, hence, 

ysl1/ysl3 double mutants also showed low Fe concentration in the seed and arrested embryo 

development (Waters et al. 2006). In the frd3 mutant, exogenous Fe revert embryo growth 

and sterility issue. None of these Fe transporters are known to interact with BTS, and little is 

known about their transcriptional regulation. Therefore, we assumed that BTS might have an 

indirect regulation of Fe transporters as it is expressed in developing siliques, funiculus and 

embryo (Selote et al. 2015) and loss of BTS function result in higher Fe accumulation in the 

embryo. To understand the mechanism of high Fe accumulation in bts-1 mutant seeds, we 

checked the expression of all known Fe transporters in the siliques.  

         We found that the YSL1 gene, which is upregulated in root and shoot under Fe 

sufficiency (Klatte et al. 2009), is highly induced in the siliques of the bts-1 mutant in 

compare to WT siliques grown in normal soil. Under alkaline growth condition, the reduced 
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expression of YSL1 is evident in the siliques of both the lines, but bts-1 mutant has higher 

expression of YSL1 than WT siliques (Fig 2D). We assume that in bts-1 mutants, the 

misregulated signaling of Fe deficiency responses lead to the high expression of YSL1 in the 

siliques and that may be the cause of excess Fe accumulation. However, excess Fe 

accumulation in bts-1 mutants does not appear to cause embryo lethality. This led us to check 

the Fe sequestration mechanism in the seed of bts-1 line. VIT1 influxes Fe from cytosol to 

vacuole and NRAMP3 and NRAMP4 effluxes Fe from vacuole to the cytosol. In seeds, 

NRAMPS3/4 is usually expressed during germination to provide Fe to the germinating seeds. 

We found that in bts-1 siliques VIT1 is upregulated indicating higher Fe loading to the 

vacuole while there is no significant difference in expression of NRAMP3/4 in comparison to 

WT. These findings suggest that little Fe is getting out of the vacuole. We also found that 

Ferritin1 is upregulated in the siliques of bts-1 mutant grown in both normal and alkaline 

conditions (Fig 3A) which indicate that Fe is stored in the vacuole and the plastids of seeds; 

hence excess Fe induced lethality is not evident. 

 However, none of these transporter proteins is identified to directly interact with BTS 

in a yeast two-hybrid analysis of the shoot cDNA library. Notably, the Y2H screening was 

conducted on a cDNA library constructed from the shoot of 7day old seedlings. A screening 

of silique specific cDNA library may provide more information of on the role of BTS in 

silique Fe homeostasis. However, the Y2H screening showed that BTS interact with LMW 

PSII protein PSbW which contributes to the stability of PSII and LHCII supercomplex and 

this stability is necessary for efficient photosynthesis (Garcia, 2011). This finding provides 
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evidence of regulation of a chloroplast protein by a Fe sensor. Future studies are needed to 

elucidate the physiological relevance of the BTS-PSbW interaction.  
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METHODS AND MATERIALS 

Plant material and growth conditions: Col-0 was used as wild-type (WT). Seed 

sterilization was performed as previously described (Long et al. 2010). emb-2425-2+/- line 

was screened on MS/basta media to select on the heterozygous mutant seedling. All lines 

were then transferred to the normal soil as well as alkaline soil (pH 7-8 by adding CaO). 

Embryonic clearing and microscopy: To observe embryo lethality green siliques of each 

line were cleared as described previously (Berleth and Jurgens 1993). Silique coats were 

removed under a dissection microscope(Leica MZ12). Then each seed were observed and 

degraded/halted embryos were counted along with normally growing embryos under Zeiss 

AXIOImager.M2. 

Perls Staining: Perls' staining was performed to localize Fe
 
in developing siliques and 

embryo. Seeds from plants grown under different soil conditions were imbibed for an hour. 

Then the seed-coat of the imbibed seeds was removed using blunt needles under dissection 

scope. Then the embryos were stained as previously described (Long et al. 2010; Selote et al. 

2014). Green siliques were cleared of chlorophyll using chloral hydrate (2.5 g chloral hydrate 

in 1ml 30% glycerol) (Berleth and Jurgens 1993). Imaging was performed with a Leica MZ 

FLIII stereomicroscope.  

Tissue Elemental Analysis:  100 mg of seeds per genotype were subjected to ICP-MS for 

metal content analysis as previously described (Selote et al. 2014). 

RNA isolation, cDNA synthesis, and qRT-PCR:  RNA extracted from young siliques of 

WT and bts-1 line grown under normal and alkaline soil conditions with RNeasy plant mini 
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kit (Qiagen) and cDNA was synthesized with Superscript III cDNA synthesis kit 

(Invitrogen). Real Time RT-PCR conducted using iTaq
TM

 Universal SYBR® Green 

Supermix (BIO-RAD) and Step One Plus (Applied Biosystems).Primers used is in the 

supplemental table 1. 

Yeast-2-Hybrid screening: Yeast two-hybrid analysis was performed as previously 

described (Walhout and Vidal, 2001) using a shoot-specific cDNA library kindly provided by 

Devarshi Selote. BP cloning (Invitrogen) was used to fuse BTS which had been cloned into 

pENTR/D-TOPO, into pDEST-BD.This construct was transformed into yeast strain MaV103 

and then transformed with 300 ng of a shoot-specific cDNA library fused to the Gal4p 

activation domain (AD). Interacting colonies were identified by growth after 5 to 10 d on -

Leu, -Trp, -His, 40mM 3-AT media,-Leu, -Trp, -Ura media, and colorimetric detection of b-

galactosidase. Colony PCR was done from positive yeast colonies, PCR products were 

purified using Qiagen PCR purification kit and sequenced using AD and Term primers listed 

in the supplementary figure. Using Blast, the sequences were identified, and the list of genes 

is given the Figure. 

BiFC Assay: BiFC assays were carried out as previously described (Selote and 

Kachroo,2010). Briefly, proteins were transiently coexpressed into RFP-Histone 2B-tagged 

N. benthamiana plants (transgenic plants expressing nuclear-localized RFP-tagged 

Histone2B protein). For the assay, A. tumefaciens mixtures were infiltrated using a 1-mL 

syringe without a needle into the abaxial side of 5- to 6-week-old N. benthamiana leaves. 

After 48 h of transfection, water-mounted sections of leaf tissue were examined with a laser 

scanning microscope (Zeiss LSM 710).Proteins were expressed as N-EYFP and C-EYFP 



71 

 

fusions, and all interactions were tested using both combinations of N-/C-EYFP-fused 

reciprocal proteins. 

Sub-cellular localization: Agrobacterium LBA4404 was transformed with a pSITE-2CA-

EGFP-Dest vector containing PSbW genomic sequence and transiently coexpressed into 

RFP-Histone 2B-tagged N. benthamiana plants (transgenic plants expressing nuclear-

localized RFP-tagged Histone2B protein). Confocal imaging of the infiltrated leaf of 

Nicotiana was done. 

Protein analysis from Arabidopsis leaves: Leaves from one month old plants were 

homogenized in buffer containing 20 mM Tris-HCl (pH 7.0), 150 mM NaCl, 1 mM EDTA, 

1% (v/v) Triton X 100, 0.1% (w/v) SDS, 10 mM dithiothreitol (DTT), and 13 plant protease 

inhibitor cocktail (Sigma-Aldrich). Proteins were separated on 15%(w/v) SDS-PAGE gels. 

Proteins were immunodetected using anti-PSbW antibody (Agrisera) and reprobed with α-

cFBPase (Agrisera), ECL Plus chemiluminescence substrate (Pierce). 

Nuclear fractionation and Protein Analysis: Rosette leaves of plants growing in soil for a 

month were used to isolate nuclear fractions using the modified Suc-Percoll density gradient 

method (Luthe and Quatrano, 1980; Sikorskaite et al., 2013). For nuclei isolation, leaves 

were homogenized in ice-cold nuclei isolation buffer (NIB; 10 mM MES-KOH, pH 5.4, 10 

mM MgCl2, 10mM NaCl, 10mM KCl, 1 mM EDTA, 250 mM Suc, 0.5% [v/v] Triton X-100, 

and 13 protease inhibitor cocktail) and supplemented immediately before use with 0.1 mM 

spermine, 0.5 mM spermidine, and 2.5 mM DTT. The homogenate was filtered through four 

layers of Miracloth and centrifuged at 1,000g for 10 min at 4°C to obtain the crude nuclear 
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pellet and supernatant. The supernatant was subjected to ultracentrifugation at 100,000g for 1 

h to separate soluble cytoplasmic fraction (supernatant) from the endomembrane (membrane 

pellet). The crude nuclear pellet was gently resuspended inNIB buffer (without supplements) 

and purified by centrifugation in a discontinuous Suc-Percoll gradient (2.5 M Suc and 80%, 

60%, and 40% [v/v] Percoll in NIB) at 4,080g in a swinging-bucket rotor for 30 min at 4°C. 

The intact nuclei banded in the 80% Percoll layer (above Suc-Percoll interface) were 

collected using Pasteur pipette, washed three times with five volumes of ice-cold NIB 

containing 0.1% (v/v) Triton X-100 to remove Percoll, and centrifuged at 1,000g for 10 min. 

The nuclei pellet was resuspended in 100 mL of 13 phosphates buffered saline containing 

20% (v/v) glycerol and 2.5 mM DTT. Total nuclear proteins were separated on a 15% (w/v) 

SDS-PAGE gel and immunodetected using anti-PSbW antibody (Invitrogen) and ECL Plus 

chemiluminescence substrate (Pierce). The purity of isolated subcellular fractions was 

evaluated by reprobing the blots with either anti-Histone3 (for nuclear protein) and α-

cFBPase (Agrisera). 
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Figure 1. A) Relative expression of BTS in siliques grown in normal and alkaline 

soil. . Error bars indicate ± SE of the mean (n=3) B) Embryonic lethality in 

plants grown on normal and alkaline conditions, C) Perls histochemical staining 

of embryo of plants grown in normal and alkaline condition. D) ICP-MS of dry 

seeds from plants grown under normal and alkaline conditions. Error bars 

indicate ± SE of the mean (n=3) and asterics indicates that the column is 

significantly different (P value<0.05) 
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Figure 2: Relative expression of known metal transporters A)OPT3 B) 

FRD3 C) YSL3 and D) YSL1 during embryo development in WT and bts-

1 siliques grown in normal and alkaline soil. Error bars indicate ± SE of 

the mean (n=3), and columns with asterisk are significantly different 

from each other (P<0.05). 
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A) 

D) 

C) 

Figure 3: Relative expression of genes involved in sequestration A)Ferritin 1 B) 

VIT1C) NRAMP3and D) NRAMP4 during embryo development in WT and bts-1 

siliques grown in normal and alkaline soil. Error bars indicate ± SE of the mean 

(n=3), and columns with asterisk are significantly different from each other 

(P<0.05). 
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Figure 4: BTS interact with PSbW protein localized in nucleus and 

plastid A) Table indicating 5 proteins that interact with BTS in Y2H 

screening of shoot cDNA library. B) confocal image showing PSbW 

protein is localized in nucleus and plastid. Bar= 20 um. 
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Figure 5: Interact of BTS and PSbW protein occurs in nucleus and require 

presence of E3 domain of BTS. BiFC assay showing in planta interactions 

between BTS and PSbW proteins in the epidermal cells. Indicated proteins 

are transiently coexpressed in RFP-Histone2B (nuclear marker) transgenic N. 

benthamiana plants. EYFP fluorescence indicates interaction between 

indicated proteins. All interactions were tested using both combinations of N-

/C-EYFP-fused reciprocal proteins. There is no interaction in absence of E3 

domain of BTS Results shown represent two independent assays. 
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Figure 6 : PSbW is more stable in bts-1 mutant background. A)Sub-cellular 

nuclear fractionation was performed using sucrose-percoll discontinuous density 

gradient method from 4 week old WT, bts-1, psbw and bBBG rossette leaves and 

immunoblot was probed with anti-PSbW antibody. The immunoblots were re-

probed with antibody against nuclear (Histone3) and cytoplasmic (cFBPase) 

protein to check purity of sub-cellular fractions to check purity of the sub-

cellular fraction.  
B) Protein immunodetection from total protein of leaf with anti-PSbW antibody 
and cytoplasmic (cFBPase) marker                                                          
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Supplementary Figure1: The five interacting proteins determined from 

Yeast-2-hybrid screen of BD:BTS against the shoot-specific cDNA library. 

Interacting colonies were identified by A)colorimetric detection of 
β-galactosidase and  B)growth after 5-10 days on -Leu, -Trp,-His, 40 mM 

3-AT media.  

A) 

B) 
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ABSTRACT 

Iron (Fe) uptake influences plant growth, development, tolerance to environmental 

perturbations. Genes involved in the cross-talk between Fe homeostasis and other 

metabolic processes are not well understood. In Arabidopsis thaliana, bHLH transcription 

factor ILR3 interacts with other bHLH transcription factors, including PYE, and regulates 

genes involved in Fe homeostasis. ILR3 also regulates genes involved in aliphatic 

glucosinolate biosynthesis and auxin homeostasis. In this study, we examined 

ProILR3::β-GLUCURONIDASE under different abiotic and biotic stress conditions and 

found that ILR3 has a constitutive expression under normal growth condition, but it is 

induced under multiple stress conditions. We also found that while the genetic interaction 

of PYE and ILR3 is important for Fe homeostasis, ILR3 plays a role in glucosinolate-

induced plant defense independent of Fe response. 
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INTRODUCTION 

Iron is an essential micronutrient for all living organisms as it plays key roles in 

multiple metabolic processes. Fe deficiency causes chlorosis (Terry and Abadía 1986), 

loss of yield; embryo lethality (Stacey et al. 2008) and persistent deficiency may lead to 

death. Over accumulation of Fe leads to the production of hydroxyl radicals by the Fenton 

reaction, which can lead to DNA damage (Connolly and Guerinot 2002). Hence, tight 

regulation of acquisition, transportation, usage and storage of Fe is essential for plant 

growth and development. Although Fe is abundant in the earth's crust, it is primarily 

found as insoluble ferric iron in most soil environments. To solve this problem, plants 

have developed two primary strategies to acquire Fe from the rhizosphere. During the 

Strategy I response, adopted by non-gramineous plants and dicots, such as Arabidopsis, 

plants acidify the soil by pumping protons from the root epidermis, which helps to 

solubilize ferric iron complexes (Marschner et al. 1986). In Arabidopsis, the 

transmembrane FERRIC REDUCTASE OXIDASE2 (FRO2) (Robinson et al. 1999) then 

reduces ferric Fe to ferrous Fe, which can be transported into the epidermal cells via the 

membrane-bound transporter protein IRON-REGULATED TRANSPORTER1 (IRT1) 

(Henriques et al. 2002). In contrast, gramineous plants adopt Strategy II responses, 

whereby they excrete phytosiderophores, a type of mugineic acids, into the rhizosphere, 

forming Ferric Fe–siderophore complexes, which can then be transported into epidermal 

cells via a different set of transporter proteins(Takagi et al. 1984). 

Several members of the bHLH transcription factor (TF) family are well known for 

their roles in controlling Fe response and therefore maintaining iron homeostasis in both 

monocots and dicots plants. For example, loss of function of bHLH TF FIT results in 
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seedling stage lethality. The fit-1 mutant was chlorotic, Fe deficient and die 2-3 weeks 

after germination if not supplemented with exogenous Fe (Colangelo and Guerinot 2004). 

FIT was found to interact with other TFs bHLH38, bHLH39 (Yuan et al. 2008), 

bHLH100 and bHLH101(Wang et al. 2012) in Y-2-H screening and BiFC experiments. 

The bHLH TF POPEYE (bHLH47) is also a key regulator of Fe deficiency response. 

PYE interacts with other PYE-like (PYEL) bHLH TFs bHLH104, ILR3 (bHLH105) and 

bHLH 115 and directly bind to the promoters of multiple Fe deficiency response genes 

like NAS4, FRO3, and ZIF1(Long et al. 2010; Selote et al. 2014). ILR3 was recently 

shown to interact with bHLH104 and can also directly bind to the promoter of PYE 

(Zhang et al. 2015). ILR3 was previously reported to play a role in Fe-mediated auxin 

sensing in roots of Arabidopsis (Rampey et al. 2006). In the loss of function mutant of 

ILR3 (ilr3-2) the membrane-bound metal transporter Ccc1 was upregulated, which 

facilitates Fe and Mn transport inside ER lumen and vacuole. In these organelles Fe acts 

as a co-factor for the hydrolysis of conjugated IAA (Rampey et al. 2006). 

Other than directly binding with the promoters of Fe deficiency responsive genes 

and indirectly contributing hydrolysis of conjugated-IAA by transporting metals to the 

cellular organelles, ILR3 was also found to be involved in controlling the aliphatic 

glucosinolate biosynthesis pathway. 22 known enzyme-encoding aliphatic GLS 

biosynthesis gene promoters were subjected to Y1H analysis with 659 TF(Li et al. 2014). 

This study found that ILR3 can bind to the promoter of several aliphatic and indole GLS 

biosynthesis genes (Li et al. 2014). Interestingly, three of the GLS biosynthesis genes that 

are direct targets of ILR3 were also found to be misregulated in pye-1 mutants (Long et 

al. 2010). These findings suggest that not only is there a cross-talk between the Fe 

deficiency response and GLS biosynthesis, but also that these related TFs may play a key 
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role in regulating these responses. Here, we show that the interaction of ILR3 and PYE is 

important in regulating Fe homeostasis and GLS biosynthesis and that this interaction 

may play a key role in abiotic and biotic stress response in Arabidopsis roots. 
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RESULTS 

ILR3 positively regulates physiological response to iron deprivation 

ilr3-2 loss of function mutants produce shorter roots and chlorotic leaves in    –Fe 

media (Zhang et al. 2015). To verify that these phenotypes were due to the loss of ILR3 

alone, we complemented ilr3-2 with a translational GFP fusion of ILR3 under its native 

promoter (ILR3: ILR3:: GFP). Real-time qRT PCR of the cDNA derived from root tissue 

of seedlings grown under ± Fe conditions showed that ILR3 expression was induced 

under Fe deficiency and in the ilr3-2/ILR3: ILR3:: GFP complemented lines the 

expression of the transcript was at the WT level (Fig 1A). Root length defects and leaf 

chlorotic exhibited by ilr3-2 mutant under Fe deficiency were complemented by the 

presence of ILR3: ILR3:: GFP (Fig 1B, Sup Fig 1).   

Non-graminaceous plants acidify the rhizosphere by pumping protons into the 

rhizosphere under Fe deficiency to facilitate the solubilization of ferric Fe in soil. To 

understand the role of ILR3 in response to Fe deficiency, we measured these classic 

responses to Fe deprivation in ilr3-2 and ilr3-2/ILR3: ILR3:: GFP complemented lines. 

We found that in the absence of ILR3, plants exhibited reduced rhizosphere acidification 

and ferrozine reductase activity under Fe deficiency in comparison to WT plants and that 

these phenotypes were complemented back to WT in ilr3-2/ILR3: ILR3:: GFP lines (Fig1 

C-D). These results are very similar to fit-1 (Colangelo and Guerinot 2004) and pye-1 

mutants (Long et al. 2010) which are also bHLH transcription factors that positively 

regulate Fe deficiency responses. These results suggest that when exposed to Fe deficient 

conditions ilr3-2 mutants do not recognize that they are Fe deficient or that they have 

sufficient that is not biologically available, thereby disrupting Fe signaling processes.  
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ILR3 expression is enhanced in response to Fe deficiency 

To further determine how ILR3 might be playing a role in response to the transition from 

Fe sufficiency to deficiency we analyzed the expression of ILR3 in response to both 

conditions. We germinated WT plants expressing a transcriptional GUS fusion of ILR3 

promoter (WT/ILR3: GUS)(Rampey et al. 2006) in Fe sufficient growth media and 

transferred them to Fe-deficient media. GUS staining of the roots and shoots of these 

seedlings revealed that under Fe sufficiency ILR3 is constitutively expressed in both roots 

and shoots whereas after 4 days on Fe deficient media ILR3 expression is induced in the 

root and repressed in the shoot (Fig 2A). This result suggests that under Fe deficiency 

ILR3 regulates gene(s) in tissue-specific manner. We also examined protein accumulation 

and localization of ILR3 in response to Fe deprivation. Confocal analysis of ilr3-2/ILR3: 

ILR3::GFP plants exposed to Fe deficient media for 4 days revealed that the protein 

accumulates in the nucleus of all cell types of root irrespective of Fe condition but that 

there is an increase in accumulation under -Fe (Fig 2B). In contrast, closely related bHLH 

TF, PYE was induced only under Fe deficiency in Arabidopsis roots (Fig Sup2). These 

results indicate that unlike PYE ILR3 is not a mobile protein, but that it regulates 

expression across multiple cell types under both +Fe and –Fe.  

 

Wound-induced ILR3 expression is enhanced by –Fe 

ILR3 has also been shown to play a role outside of the Fe deficiency response. 

Promoters of 22 known enzyme-coding genes of aliphatic glucosinolate (GLS) 

biosynthesis pathway were screened against 659 TFs in a high-throughput Y1H 

screening. Most of these TFs were expressed in the root stele. ILR3, also expressed in 
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root stele, was found to interact with the promoter of 16 GLS biosynthesis genes in the 

Y1H screening(Li et al. 2014). To validate the impact of these interactions, ilr3-2 loss of 

function mutants were grown in two different controlled growth chambers- one was with 

the endogenous pest population composed of a mix of aphids and fungus gnats (biotic 

stress), and the other was routinely cleaned and sterilized to keep pest-free (no-stress). 

The leaves and the seeds of these plants were analyzed for GLS production. ilr3-2 mutant 

plants grown under both conditions had a higher accumulation of GLS in the leaves and 

no significant difference of GLS level in the seed. Plants grown in sterile chambers had 

elevated GLS compared to those grown in walk-in chamber with biotic stress. These 

results indicate that ILR3 is a tissue specific repressor that acts to reduce GLS production 

(Li et al. 2014).  

Pathogen challenge, wounding and other stressors are known to change in leaf 

GLS profile (Redovniković; et al. 2008). However, little is known about whether GLS 

accumulation within the roots affected by wounding. We were also interested in whether 

ILR3 plays some role in wound response, in light its’ impact on GLS synthesis. To 

address these questions WT/ILR3:GUS lines were subjected to Fe deficiency as well as 

mechanical wounding at the root. ILR3 expression increased between 1-6 hours after 

wounding but was not evident after 24 hours under Fe sufficiency (Fig 2C). This is 

notable as GLS are known to be elevated after 24 hours of wounding(Mikkelsen et al. 

2003). This finding suggests that ILR3 may help to repress GLS production during early 

stages of wound response, but ILR3 mediated repression may be alleviated later. Since –

Fe enhances ILR3:GUS  expression after wounding over 24 hours (Fig 2C), it is possible 

that ILR3 might control GLS production through its control of Fe homeostasis as is the 

case for auxin homeostasis. However, since ILR3 appears to directly targets genes for 
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GLS synthesis, it is more likely that it controls GLS synthesis and Fe homeostasis, and 

potentially other responses, via separate regulatory pathways. If the latter is the case, 

through what mechanism does ILR3 control distinct regulatory pathway? One possibility 

could be the interaction between ILR3 and close homolog, PYE. 

 

The genetic interaction between ILR3 and PYE influences Fe deficiency response 

ILR3 and PYE are closely related bHLH TFs, and  loss of function of either 

causes similar phenotypes under Fe deficiency. Co-expression analysis of ILR3 and PYE 

reveals that while PYE is commonly co-expressed with many well-known Fe homeostasis 

genes, ILR3 is co-expressed with a completely different set of genes. The only Fe 

homeostasis related gene in the ILR3 co-expression network is bHLH104 (Fig 3A). 

However, both ILR3 and PYE are induced under Fe deficiency in the vasculature, and 

both proteins accumulate and are localize to all root cell types in response to Fe 

deficiency (Fig 2B, Sup Fig 2). Also, ILR3 and PYE physically interact in- vitro and in-

vivo in the nucleus (Long et al. 2010; Selote et al. 2014). Since ILR3 also directly binds to 

the promoter of PYE in vitro in the presence of Fe (Zhang et al. 2015), we hypothesized 

that ILR3 might regulate Fe homeostasis by controlling the expression of PYE. Since 

PYE directly regulates the expression of known Fe homeostasis genes yet has no known 

role in GLS synthesis, we further propose that ILR3 regulates Fe homeostasis via PYE 

and GLS production via another, as yet, unknown pathway. To test these hypotheses, we 

first analyzed the expression of PYE in the root tissue of ilr3-2 plants. Real Time qRT 

PCR analysis of plants grown in +Fe and –Fe media indicated that PYE expression 

remains unchanged in the ILR3 mutant background (Fig 3B) which is similar findings of 

others (Zhang et al. 2015). It is possible that binding of ILR3 to the promoter of PYE may 
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result in activation or repression of, however, another unknown TF may compensate for 

ILR3 function in its absence. If ILR3 does not control PYE expression, perhaps it controls 

PYE activity by protein-protein interaction. To gain further insight into the interaction 

between PYE and ILR3, we generated a pye-1 and ilr3-2 double mutant (pxi) and 

examined its phenotype in response to Fe deficiency. pxi double mutants exhibit Fe 

deficiency phenotypes similar to pye-1 and ilr3-2 (Fig 3 C-F). The pxi double mutants 

produce chlorotic leaves and have reduced rhizosphere acidification and reduced Fe 

reductase activity similar to pye-1 and ilr3-2 mutants under Fe deficiency. ICP-MS 

analysis indicates that although there was no significant difference of Fe content in the 

root of mutants and WT plant grown under +Fe, all mutants contained elevated Fe under 

Fe sufficiency (Fig 3F). We know that PYE negatively regulates some Fe deficiency 

responsive genes (NAS4, FRO3, ZIF1)(Long et al. 2010) and ILR3 indirectly regulates 

Ccc1p transporter gene which is involved in sequestering Fe in the vacuole (Rampey et 

al. 2006). So we conclude that, because of their role in Fe uptake regulation (PYE) and Fe 

sequestration (ILR3) in the respective mutant background under Fe sufficient condition 

they have elevated and biologically unavailable storage of Fe.  

We had also examined the expression of direct transcriptional PYE targets NAS4, 

FRO3 and ZIF1(Long et al. 2010), in both ilr3-2 and pxi double mutant backgrounds (Fig 

4 A). We found that these genes, although up-regulated in a pye-1 background, remained 

unchanged in ilr3-2 lines compared to WT but slightly upregulated in pxi mutant 

background suggesting that ILR3 does not directly regulate three of these PYE targets 

and that the double mutant showed an intermediate expression level probably because the 

absence of both the genes we may see an intermediate expression pattern in the double 

mutant. 
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Other known Fe deficiency responsive genes such as AHA2, IRT1, FRO2, 

bHLH39, and bHLH101 were also transcriptionally elevated in pye-1 mutants, however, 

were decreased in an ilr3-2 background in comparison to WT (Fig 4B). These findings 

suggest that in contrast to PYE, ILR3 is an activator of –Fe response genes. Expression of 

these genes were similar to WT in pxi mutant suggesting that either pxi had no effect on 

the expression of these genes or that these two TFs together modulate the expression of 

Fe homeostasis genes, and  the combinatorial effect of PYE and ILR3 on these genes 

leads to an intermediate expression level similar to that of WT. The intermediate 

physiological phenotype of pxi double mutant and the gene expression pattern of –Fe 

responsive genes are intermediate of pye-1 and ilr3-2 mutant suggesting that the opposite 

regulatory role of these two TFs in the same pathway causing such phenotype to their 

double mutant. Since, ILR3/PYE interaction modulates –Fe responsive gene expression 

and ILR3 also controls GLS synthesis, we theorized that PYE might also play some 

unexplored role in GLS synthesis that is involved in cross-talk between –Fe response and 

GLS biosynthesis. 

 

ILR3 and PYE interaction modulates glucosinolate production  

Glucosinolates are sulfur and nitrogen containing secondary metabolites common 

in Brassicaceae family. Glucosinolates are derived from an amino acid precursor, and 

their biosynthesis involves three independent steps; i) precursor amino acid chain 

elongation, ii) core glucosinolate structure formation and iii) secondary side chain 

modification (Redovniković; et al. 2008; Sønderby et al. 2010). In yeast-one-hybrid 

(Y1H) screening of TFs against known GLS biosynthesis gene promoters, ILR3 was 

found to interact with the promoters of 13 aliphatic GLS biosynthesis genes, two indolic 
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GLS biosynthesis genes and two aliphatic GLS TFs (Li et al. 2014). Out of the 13 

aliphatic GLS biosynthesis genes, three genes (BAT5, MAM1, and CYP83A1) were also 

misregulated in pye-1 mutants under Fe deficiency (Long et al. 2010). BAT5, Bile Acid 

Transporter 5, is involved in importing 2-keto acid into the chloroplast where chain 

elongation of GLS biosynthesis initiates and then this compound is exported back to 

cytosol for GLS production (Gigolashvili et al. 2009). MAM1 catalyzes the first two 

elongation cycles in the chloroplast (Textor et al. 2004) whereas CYP83A1 is involved in 

core structure GLS synthesis by oxidizing aliphatic aldoximes(Bak and Feyereisen 2001).  

Another ILR3 target, Myb76, plays a regulatory role in indolic GLS biosynthesis by 

trans-regulating BAT5 (Gigolashvili et al. 2009). To understand whether the ILR3/PYE 

interaction contributes to the cross-talk between the Fe deficiency response and GLS 

biosynthesis, we measured the relative expression of BAT5, MAM1, CYP81A and Myb 

76 in the roots of ilr3-2, pye-1 and pxi double mutants in relative to WT (Fig 5A-B). 

Notably, all of these genes were induced under Fe deficiency indicating that GLS 

production may increase in response to Fe deficiency.Myb76 was significantly induced in 

all three mutants under Fe deficiency indicating that both ILR3 and PYE are repressors of 

Myb76, but that they do not act synergistically to effect its expression. In contrast, BAT5, 

MAM1, and CYP83A1 expression were tightly decreased and increased in pye-1, and ilr3-

2 mutants respectively compare to WT, suggesting that ILR3 plays a more prominent role 

in controlling GLS synthesis in comparison to that of PYE.  

Correspondingly, ilr3-2 mutants exhibit increased aliphatic GLS levels in the 

leaves (Li et al. 2014). Although Li et al. suggested that ILR3 repression was tissue 

specific, the regulatory role of ILR3 in root tissue, particularly in response to both Fe 

sufficiency and deficiency, had not been examined. To address this question, we 
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measured the root GLS content in plants grown under both Fe sufficient and deficient 

conditions. Although the transcription of several GLS genes was significantly induced 

under Fe deficiency in WT root (Fig 5) but there was no significant difference of GLS 

accumulation between plants grown under Fe sufficient and Fe deficient conditions. 

In average pye-1 mutants do not exhibit major changes in GLS content. However, 

ilr3-2 roots exhibit decreased short chain (SC) GLS and increased long-chain (LC) under 

both conditions. Likewise, pxi exhibits increased LC GLS under both conditions. It is 

possible that increased expression of  BAT5, MAM1 and CYP83A1in ilr3-2 and pxi 

mutants under both conditions (Fig4D) might have led to faster conversion of short chain 

GLS to long chain GLS (Fig 5) due to the elimination of ILR3 induced repression on the 

chain elongation responsive genes.  

 

ILR3 plays role in cyst nematode infection 

  ILR3 appears to play an important role in inhibiting LC GLS production under Fe 

deficiency. Since ILR3 has been shown to mediate GLS synthesis in response to biotic 

stress in the shoot (Li et al. 2014) we wondered whether loss of ILR3 function might lead 

to decreased infection of a root specific pathogen in the absence of Fe. 

Plant-parasitic cyst nematodes are a major group of agronomically important plant 

pathogens. Beet cyst nematodes (BCN), Heterodera schachtii, was reported to attack over 

200 different plants all around the world and to be prevalent in the US, Canada, Europe, 

The Middle East, Africa and Australia (Amiri et al. 2002). During the life-cycle of these 

microscopic worms, they are infective at juvenile (J2) stage. They penetrate host root, 

migrate to the vasculature and initiate formation of specialized synchytia which help them 

feed on the plant root (Hewezi et al. 2010). This interaction results in the production of 



96 

 

LC GLS and their enzymatically hydrolyzed products to act as nematocides (Lazzeri et al. 

1993).  

To understand the role of ILR3 in BCN infection, we examined the expression of 

ILR3::GUS in WT plants after 10 dpi to J2 cyst nematodes. Both Fe deficiency and 

nematode infection cause higher expression of ILR3 (Fig 6 A). We conducted an 

infection assay on WT and all mutant lines to determine the impact of Fe availability and 

GLS accumulation on the successful infection of cyst nematode in the root. We found 

under Fe deficiency nematode infection was significantly low compared to that observed 

under Fe sufficiency. Moreover, unlike pye-1 mutants, ilr3-2 and pxi mutant showed 

significantly lower infection under Fe deficiency (Fig 6B). The decreased infection 

exhibited by ilr3-2 and pxi mutant under Fe deficiency but not under Fe sufficiency may 

be due to the combinatorial effects of increased GLS and –Fe, since ilr3-2 and pxi 

mutants exhibit increased GLS under both conditions. 
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DISCUSSION 

PYE and ILR3 are a closely related group IV bHLH TFs with known roles in 

regulating Fe deficiency responses. They interact in vivo and loss of function of both 

PYE and ILR3 causes similar decreases intolerance to Fe deprivation (Long et al. 2010) 

(REFERENCE for ILR3?). Although they are both transcriptionally induced in response 

to Fe deficiency, PYE and ILR3 are not co-expressed across multiple datasets. Co-

expression analysis reveals that PYE is expressed with multiple Fe deficiency responsive 

genes (Fig 3A) unlike ILR3 (Atted II co-expression network drawer). These observations 

lead to the question of why ILR3 and PYE proteins interact if they are not involved in the 

same metabolic pathways. We know that ILR3 can bind to PYE promoter (Zhang et al. 

2015), but when we checked PYE expression in the ilr3-2 mutant background, we do not 

see any alternation of expression. This result gave rise to two possibilities; one, the 

transcriptional regulation of PYE by ILR3 is compensated by some other TF and two, 

ILR3 may regulate PYE post translationally (Selote et al. 2014). 

We checked the expression of Fe deficiency responsive genes in both ilr3 and 

pye-1mutant backgrounds. Fe deficiency responsive genes that were upregulated in pye-1 

were either downregulated or were not differentially expressed in the ilr3-2 mutant 

background (Fig 4). One possible explanation for this finding could be that in the pye-1 

mutant background there is a high expression of ILR3 (Sup Fig 3A) which may have 

caused a gene expression pattern opposite of that seen in the ilr3-2 mutant background. 

Also, expression of three known PYE targets (NAS4, ZIF1, and FRO3) remain at the WT 

level in ilr3-2 mutant background. These results indicate that ILR3 and PYE may play 

direct and/or indirect opposing regulatory roles on -Fe responsive genes.  
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 Under Fe sufficiency, all the mutants contain elevated Fe content in the root 

compared to WT (Fig 3F) which may explain why when transferred to –Fe media, these 

mutants exhibit decrease –Fe responses such as rhizosphere acidification and Fe reductase 

activity compared to WT (Fig 3C-D). However, these mutants also exhibit chlorosis and 

poor growth on –Fe media suggesting decreased bioavailable Fe. In gain of function 

mutant of ilr3-1, the VIT1 like gene named Ccc1-1 is downregulated (Rampey et al. 

2006). This transporter transports Fe inside the vacuole (Gollhofer et al. 2014). In the loss 

of function mutant ilr3-2, we have found that Ccc1-1 gene is upregulated in both Fe 

sufficiency and Fe deficiency making Fe more unavailable to an already Fe deficient 

plant (Supplementary Fig 4). This may explain the chlorotic phenotype and high Fe 

reductase activity in Fe sufficiency of ilr3-2 knockout mutants. 

Co-expression analysis indicates that ILR3 may play a role outside of Fe 

deficiency response that is distinct from that of PYE. Also, ILR3 was found to bind to the 

promoter of some GLS biosynthesis genes. Higher accumulation of GLS in ilr3-2 mutant 

indicated that ILR3 represses the expression of genes involved in GLS homeostasis. 

When we examined the expression of ILR3 targets involved in GLS synthesis pathway in 

pye-1 and pxi mutants under Fe sufficient and deficient conditions we found that they are 

substantially upregulated in WT plants in response to Fe deficiency. However, they are 

upregulated in the ilr3-2 mutant background but remained unchanged in the pye-1 mutant 

background (Fig 4C). Whereas in the pxi mutant background the expression of these 

genes is similar to the expression in ilr3-2 background. This confirms that PYE may not 

regulate these genes while ILR3 represses them under Fe deficiency.  

Notably, there is no significant difference in accumulation of aliphatic GLS in WT 

background in response to Fe availability. It is possible that the higher level of ILR3 
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expression downregulates several aliphatic GLS biosynthesis genes. This indicates that 

the presence of ILR3 gene is important to repress over accumulation of GLS under –Fe 

condition in WT background. It was reported that in both biotic-stress and non-stress 

growth conditions ilr3-2 mutant leaves had significantly increased aliphatic GLS 

accumulation indicating that ILR3 was the repressor of several aliphatic GLS 

biosynthesis genes (Li et al. 2014). When GLS was measured in pye-1, ilr3-2 and pxi 

double mutants grown in both ± Fe conditions, they showed increased accumulation of 

long chain GLS in comparison to WT in both growth conditions.  

ILR3 is expressed constitutively under normal growth condition (Fig 2a, b) and it 

is induced by iron deprivation, in addition to mechanical wound and nematode infection 

(Fig 5 and Fig 8a). This indicates that ILR3 may play a constitutive role in regulating 

basic metabolic processes. In addition PYE, ILR3 can also directly bind to the Coat 

Protein (CP) of the alpha mosaic virus (AMV) and this interaction causes downregulation 

of NEET gene, which is activated by ILR3 (Aparicio and Pallás 2016). When NEET is 

downregulated, it's repression of ROS gene was eliminated and hence SA and JA are 

produced as a response to AMV infection. This clearly indicates, that ILR3 contributes to 

plant-virus interaction by regulating AtNEET expression, which assists in Fe-S cluster 

transfer between proteins involved in iron metabolism and ROS homeostasis in the 

chloroplast. These findings suggest that ILR3 may also play a role in other plant-pathogen 

interactions in a Fe dependent manner.  

To understand the impact of higher accumulation of Fe and GLS under Fe 

sufficient and deficient conditions respectively in the mutant root, we infected them with 

BCN and looked for infection susceptibility. In the cyst nematode infection assay, we 

observed that less availability of Fe itself causes reduced J4 generation in the WT (Fig 
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6B). Fe availability has been shown to lay an important role in pathogen response. Iron-

starved plants exhibits decreased infection of two aerial pathogens Botrytis and 

D.dadantii. Also decreased Fe causes elevated SA-mediated defense response (Kie u,et al 

2012). In our mutant lines where there was significantly high expression of BAT5, MAM1 

and CYP 83A1 genes (Figure 4D), These genes encode proteins that are responsible for 

chain elongation in aliphatic GLS production and higher amounts of long chain aliphatic 

GLS ( Fig 5). The hydrolyzed products of long chain GLS might have resulted in the 

significantly lower infection rate in ilr3-2 and pxi double mutants (Figure 6B). In 

addition, though the shoot of the infected ilr3-2 and pxi double mutants looked very 

chlorotic (Sup Fig 5 B-C) there were enough root development to support the nematode 

hosting. While this lowered infection rate could be due to the overall poor growth of the 

mutants on –Fe media. This is unlikely since pye-1 and ilr3-2 exhibit similar poor growth 

but distinct differences in cyst infection. 

In this study, we were able to show that there is a cross-talk between Fe deficiency 

and wound/pathogen stress, and ILR3 plays a key role in regulating these responses. The 

genetic interaction of PYE and ILR3 is crucial to modulate the Fe deficiency response. 

Understanding more of specific LC GLS synthesis and their contribution in causing 

resistance to BCN could be a very important study for designing BCN resistant crops. 

 

 

  



101 

 

METHODS AND MATERIALS 

Plant Materials and Growth Conditions. The T-DNA insertion lines for pye-1 

(SALK_021217) and ilr3-2 (SALK_004997) were previously confirmed (Long et al. 

2010; Rampey et al. 2006).Col-) was used as the wild-type. Homozygous single mutants 

(pye-1 and ilr3-2) were crossed, and the F2 progeny genotyped for pye-1Xilr3-2 (pxi) 

double homozygous plant. WT/ILR3-GUS was reported previously 

 

Ferric reductase activity. Ferric reductase activity was measured as described 

previously (Yi and Guerinot 1996). Briefly, eight roots of 8-d old (4-d +Fe, 4-d ±Fe) 

seedlings were weighed and placed in assay solution containing 0.1mM Fe(III)-EDTA 

and 0.3mM Ferrozine. The seedlings were incubated in the dark for 1 h. The absorbance 

was measured spectrophotometrically at 562 nm. 

 

Rhizosphere acidification. Rhizosphere acidification was performed as described 

previously [2]. Images were taken 24 hours after transfer of 8 grouped seedlings per 

genotype grown 7 days +Fe, 3 days +/-Fe to plates containing 0.006% Bromocresol 

Purple, 0.2 mM CaSO4, and 1% agar (pH 6.5, NaOH). 

 

Histochemical detection of Fe
 
Localization. Perl’s staining was performed to localize 

Fe
 
in 8-d-old (4-d +Fe, 4-d -Fe) seedlings as previously described (Long et al. 2010). 

Images were taken using Zeiss AXIOImagerM2 microscope. 
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Plasmid Construction and Plant Transformation. The ProILR3::ILR3-GFP clone was 

previously made by Multisite Gateway® cloning technology (Life Technologies)(Selote 

et al. 2014). ilr3-2 knock-out mutant line was transformed with this construct to produce 

complementation line ilr3/ILR3: ILR3::GFP. 

 

RNA isolation and qRT-PCR. RNA extracted from roots of 4d +Fe and 4d +/- Fe grown 

seedling with RNeasy plant mini kit (Qiagen) and cDNA was synthesized with 

Superscript III cDNA synthesis kit (Invitrogen). Real Time RT-PCR conducted using 

iTaq
TM

 Universal SYBR® Green Supermix (BIO-RAD) and Step One plus (Applied 

Biosystems).Primers used is in the supplemental table 1. 

 

Confocal of the root. Laser scanning confocal microscopy (Zeiss LSM 710) was used for 

observation of roots of 4d +F and 4d +/-Fe grown plants stained with 10 mM propidium 

iodide. 

 

GUS Assay. Histochemical GUS assay was conducted on 4d +Fe and 4d +/- Fe grown 

WT/ILR3p::GUS line using previously described method (An et al. 1996) with some 

modifications.  Briefly, fresh tissues samples were fixed in ice-cold 90% (v/v) acetone for 

1 h and then vacuum filtrated for 30 min. Samples were vacuum infiltrated with staining 

buffer (50mM PO4 buffer with 0.2% (v/v) Triton X100, 100mM K3Fe(CN)6 and 100 mM 

K4Fe(CN)6 for 10 min on ice followed by vacuum infiltration in staining buffer 

containing 2mM X-GLUC for 40 min on ice. Samples were incubated at 37°C for 45mins 

followed by 70% ethanol wash. 
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Tissue elemental analysis. Root and shoot were collected from 4d +Fe and 4d +/-Fe 

grown plants. Samples were treated as previously (Barberon et al. 2011) and ICP-MS was 

used to analyze metal content. 

 

Glucosinolate measurement. Root and shoot were collected from 4d +Fe and 4d +/-Fe 

grown plants. Glucosinolate extraction and analysis were done by HPLC according to 

previously described methods (Kliebenstein et al. 2001). 

 

Nematode culture. Heterodera schachtii were propagated in the cabbage (Brassica 

oleracea) root grown in the green house for two months. Cysts collected from roots were 

crushed to collect eggs as described previously (Ding, Shields, Allen, & Hussey, 1998; 

Goellner, Wang, & Davis, 2001). Heterodera eggs were surface sterilized and hatched on 

25um sieve kept in a Baermann pan with water containing 1.5mg/ml gentamycin sulfate, 

0.05 mg/ml tetracycline HCL and 0.05mg/ml chlorohexadine diacetate at 28C for 2days. 

At pre-juvenile stage-2 (Pre J2), nematodes were counted under a microscope to make 

expected dilution for inoculation.  

 

Nematode infection assay.  10days old seedlings of all Arabidopsis lines were first 

grown in MS +Fe media and then moved to 6 well plates (Falcon, Lincoln Park, NJ) 

containing 6 ml of Knopp’s sterile media with or without Fe-EDTA aseptically. The 

plates were sealed and seedlings were grown for another 7 days in a 24C growth chamber 

with 16-hour light/8-hour dark cycle. Hatched H sachachii Pre-J2 were surface sterilized 

with sodium azide (.004%), mercuric chloride(0.004%) and Triton X-100(0.002%) and 

suspended at a concentration of 50 J2/100 ul in 35C 1.5% low melting agar (LMA) to 
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facilitate even distribution and free movement of the nematodes in plant media. Each 

plant was inoculated with approximately 50 J2 nematodes and plates were sealed and 

placed in the growth chamber. After 21 dpi Arabidopsis lines were assessed for infection. 

Significance of the difference of the infection between the lines was determined by paired 

t-test (Patel et al., 2010). 
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Figure legends: 

Figure 1: Loss of ILR3 alters iron deficiency responsiveness and Fe accumulation. 

A) Relative expression of PYE in root tissue from 8-d-old  WT, ilr3 and IIL seedlings 

grown on the +Fe medium from 4d and then transferred to ± Fe medium for 4 d. Error 

bars indicate ± SE of the mean (n=3), and columns with different letters are significantly 

different from each other (P<0.05), B)  Phenotype of seedling grown in –Fe for 5d, C) 

Rhizosphere acidification of  8d old seedlings (+Fe for 4 d and  3d –Fe and 1d 

bromocresol purple agar medium). Eight plants per genotype were grouped on 

bromocresol agar medium. The result shown represent three independent assays.This 

image is representative of 4 individual assays. D)Fe reductase activity of 10d old 

seedlings grown on ± Fe medium (7d +Fe and 3d ± Fe). Error bars indicate ± SE of the 

mean (n=3) and columns with asterisk indicates significantly different from WT found by 

Student t-test (P<0.05 

Figure 2:  ILR3 is induced under Fe deficiency  and wound: A)Expression of ILR3-

GUS fusion in shoot and root of 8d old seedling grown in +Fe for 4d and ± Fe  for 4 d B) 

ILR3-GFP protein localization in roots of seedlings grown in +Fe for 4d and ± Fe  for 4d 

result shown representative of three independent assays. C) ILR3 responds to wound: 

ILR3-GUS expression in 8d old seedling root grown in +Fe for 4d and ± Fe for 4d. 

Seedlings were subjected to mechanical wounds in time course manner ( 1h, 6h, and 24h ) 

before GUS assay. The image is representative of two independent assays. Bars= 50μm 

Figure 3: Genetic interaction of ILR3 with PYE is necessary for Fe deficiency 

responsiveness. Genetic interaction of ILR3 with PYE is necessary for Fe deficiency 

responsiveness. A) PYE / ILR3 co-expression network drawn by Atted II network 
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drawer, B) Relative expression of PYE in root tissue from 8-d-old  seedlings grown on 

+Fe medium for 4d and then transferred to ± Fe medium for 4 d. Error bars indicate ± SE 

of the mean (n=3), and columns with different letters are significantly different from each 

other (P<0.05), C) Phenotype of single and double mutants  grown in +Fe for 4d and then 

transferred to -Fe for another 4-d, D) Rhizosphere acidification of 11d old seedlings,(7d 

+Fe, 3d –Fe and 1d bromocresol purple agar medium). Eight plants per genotype were 

grouped on bromocresol agar medium. The result shown represent three independent 

assays E)Fe reductase activity of 8d old seedlings grown on ± Fe medium (4d +Fe and 4d 

± Fe). Error bars indicate ± SE of the mean (n=3) and columns with asterisk indicates 

significantly different from WT found by Student t-test (P<0.05), F) ICP-MS of root of 8d 

old seedlings (4d+Fe and 4d ± Fe)  

Figure 4: ilr3-2 and pye-1 knockout mutants and pye-1xilr3-2 double mutants show 

differential expression of Fe deficiency related genes. Relative expression of A) Fe 

deficiency responsive genes that are direct targets of PYE  B) Fe deficiency response 

related genes in general and C) Aliphatic Glucosinolate biosynthesis genes that are direct 

targets of ILR3 in root tissue from 8-d-old seedlings grown on +Fe medium for 4d and 

then transferred to ± Fe medium for 4 d. Error bars indicate ± SE of the mean (n=3), and 

columns with different letters are significantly different from each other (P<0.05). 

Figure 5. Glucosinolate measurement in root Glucosinolate was extracted and analyzed 

from 8d old seedlings grown in +Fe medium for 4d and transferred to ± Fe for 4d by 

HPLC  GLS measured in root tissue, with asterisk showing significantly different content 

of GSL from WT level and the error bar indicates ±SE of the mean (n=6) 
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Figure 6: ILR3 expression is induced by cyst nematode  Heterodera schachtii  in the 

root. A) 24d old plant root (grown in the +Fe medium for 10 d, transferred to Knopp’s 

medium with (+F) and without (-F) iron for 7 d and then the plants were infected with J2 

BCN) of WT/ILR3:GUS plants were stained for visualizing ILR3-GUS expression after 

7dpi. The image is representative of 6 technical replicates and three independent assays. 

Bars= 100μm B) After 21dpi J4 BCN were counted for each line and growth conditions. 

Error bars indicates ±SE of the mean (n=6) and the asterisk indicates significance in 

compare to WT (P<0.05). 

Supplemental data: 

The following materials are available in the online version of this article. 

Supplementary Figure 1: Root length of 7d old seedlings grown in grown on +Fe 

medium for 4d and then transferred to ± Fe medium for 3 d.Error bars indicate ± SE of 

the mean (n=24), and columns with different letters are significantly different from each 

other (P<0.05) 

Supplementary Figure  2: PYE-GFP protein localization in roots of seedlings grown in 

+Fe for 4d and ± Fe for 4d result shown representative of three independent assays. Bar= 

50μm. 

Supplementary Figure  3: A)Relative expression of ILR3 in root tissue from 8-d-old  

seedlings grown on +Fe medium for 4d and then transferred to ± Fe medium for 4 d. 

Error bars indicate ± SE of the mean (n=3), and columns with different letters are 

significantly different from each other (P<0.05), B) Phenotype of single and double 

mutants  grown in +Fe for 8d C) Rhizosphere acidification of 11d old seedlings,(10d +Fe 

and 1d bromocresol purple agar medium). Eight plants per genotype were grouped on 
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bromocresol agar medium. The result shown represent three independent assays D) Iron 

localization in the root of 8d old seedlings grown in +Fe medium visualized by Perls 

staining Result shown represents 3 independent assays. Bars= 50μm.  

Supplementary Figure  4: Relative expression of Ccc1p-like gene in root tissue from 8-

d-old  seedlings grown on +Fe medium for 4d and then transferred to ± Fe medium for 4 

d. Error bars indicate ± SE of the mean (n=3) and asterisk indicates columns are 

significantly different from each other (P<0.05) 

Supplementary figure 5: A) Plants growing on  ± Fe  Knopp’s media after 1dpi of J2 

inoculation. B) Plants' roots are growing in Knopp’s media (+Fe and –Fe) with J4 

nematode after 21 dpi. This is representative of 6 technical and 2 biological replicates. C) 

Plants' shoots are growing in Knopp’s media (+Fe and –Fe) after 24 dpi. This is 

representative of 6 technical and 2 biological replicates 

Supplemental Table S1. List of primers 
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Figure 1: Loss of ILR3 alters iron deficiency responsiveness and Fe 

accumulation. A) Relative expression of PYE in root tissue from 8-d-old  WT, 

ilr3 and IIL seedlings grown on +Fe medium from 4d and then transferred to ± 

Fe medium for 4 d. Error bars indicate ± SE of the mean (n=3), and columns 

with different letters are significantly different from each other (P<0.05), B)  

Phenotype of seedling grown in –Fe for 5d, C) Rhizosphere acidification of  8d 

old seedlings (+Fe for 4 d and  3d –Fe and 1d bromocresol purple agar 

medium). Eight plants per genotype were grouped on bromocresol agar 

medium. Result shown represent three independent assays .This image is 

representative of 4 individual assays. D)Fe reductase activity of 10d old 

seedlings grown on ± Fe medium (7d +Fe and 3d ± Fe). Error bars indicate ± 

SE of the mean (n=3) and columns with asterisk indicates significantly 

different from WT found by Student t-test (P<0.05), 
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Figure 2:  ILR3 is induced under Fe deficiency  and wound: A)Expression of 

ILR3-GUS fusion in shoot and root of 8d old seedling grown in +Fe for 4d and 

± Fe  for 4 d B) ILR3-GFP protein localization in roots of seedlings grown in 

+Fe for 4d and ± Fe  for 4d result shown representative of three independent 

assays. C) ILR3 responds to wound: ILR3-GUS expression in 8d old seedling 

root grown in +Fe for 4d and ± Fe for 4d. Seedlings were subjected to 

mechanical wounds in time course manner ( 1h, 6h and 24h ) prior to GUS 

assay. Image is representative of  two independent assays. Bars= 50μm 
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Figure 3: Genetic interaction of ILR3 with PYE is necessary for Fe 

deficiency responsiveness. A) PYE / ILR3 co-expression network drawn by 

Atted II network drawer, B) Relative expression of PYE in root tissue from 

8-d-old  seedlings grown on +Fe medium for 4d and then transferred to ± Fe 

medium for 4 d. Error bars indicate ± SE of the mean (n=3), and columns 

with different letters are significantly different from each other (P<0.05),C) 

Phenotype of single and double mutants  grown in +Fe for 4d and then 

transferred to -Fe for another 4-d,D) Rhizosphere acidification of 11d old 

seedlings,(7d +Fe, 3d –Fe and 1d bromocresol purple agar medium). Eight 

plants per genotype were grouped on bromocresol agar medium. Result 

shown represent three independent assays E)Fe reductase activity of 8d old 

seedlings grown on ± Fe medium (4d +Fe and 4d ± Fe). Error bars indicate ± 

SE of the mean (n=3) and columns with asterisk indicates significantly 

different from WT found by Student t-test (P<0.05), F) ICP-MS of root of 

8d old seedlings (4d+Fe and 4d ± Fe) 
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Figure 4: ilr3-2 and pye-1 knockout mutants and pye-1xilr3-2 double mutants show differential 

expression of Fe deficiency related genes. Relative expression of A) Fe deficiency responsive genes 

that are direct targets of PYE  B) Fe deficiency response related genes in general and C) Aliphatic 

glucosinolate biosynthesis genes that are direct targets of ILR3 in root tissue from 8-d-old seedlings 

grown on +Fe medium for 4d and then transferred to ± Fe medium for 4 d. Error bars indicate ± SE 

of the mean (n=3), and columns with different letters are significantly different from each other 

(P<0.05). 
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Figure 5: Glucosinolate measurement in root  
Glucosinolate was extracted and analyzed from 8d old seedlings grown in +Fe 

medium for 4d and transferred to ± Fe for 4d by HPLC  GLS measured in root 

tissue, with asterisk showing significantly different content of GSL from WT 

level and the error bar indicates ±SE of the mean (n=6) 
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Figure 6: ILR3 expression is induced by cyst nematode  Heterodera schachtii  in the 

root. A) 24d old plant root (grown in +Fe medium for 10 d, transferred to Knopp’s 

medium with (+F) and without (-F) iron for 7 d and then the plants were infected with J2 

BCN) of WT/ILR3:GUS plants were stained for visualizing ILR3-GUS expression after 

7dpi. The image is representative of 6 technical replicates and three independent assays. 

Bars= 100μm B) After 21dpi J4 BCN were counted for each line and growth conditions. 

Error bars indicates ±SE of the mean (n=6) and the asterisk indicates significance in 

compare to WT (P<0.05). 
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Supplementary Figure 1: Root length of 7d old seedlings grown in grown on +Fe medium 

for 4d and then transferred to ± Fe medium for 3 d.Error bars indicate ± SE of the mean 

(n=24), and columns with different letters are significantly different from each other 

(P<0.05) 

Supplementary Figure  2: PYE-GFP protein localization in roots of seedlings grown in 

+Fe for 4d and ± Fe  for 4d result shown representative of three independent assays. Bar= 

50μm. 
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Supplementary Figure  3: A)Relative expression of ILR3 in root tissue from 8-d-old  seedlings 

grown on +Fe medium for 4d and then transferred to ± Fe medium for 4 d. Error bars indicate ± SE 

of the mean (n=3), and columns with different letters are significantly different from each other 

(P<0.05), B) Phenotype of single and double mutants  grown in +Fe for 8d C) Rhizosphere 

acidification of 11d old seedlings,(10d +Fe and 1d bromocresol purple agar medium). Eight plants 

per genotype were grouped on bromocresol agar medium. Result shown represent three 

independent assays D) Iron localization in root of 8d old seedlings grown in +Fe medium visualized 

by Perls staining Result shown represents 3 independent assays. Bars= 50μm.  
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Supplementary Figure  4: Relative expression of Ccc1p-like gene in root tissue from 8-d-old  

seedlings grown on +Fe medium for 4d and then transferred to ± Fe medium for 4 d. Error bars 

indicate ± SE of the mean (n=3) and asterisk indicates columns are significantly different from each 

other (P<0.05) 
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pxi +F  pxi -F  ilr3-2 +F  ilr3-2 -F  

B. 

Supplementary figure 5: A) Plants growing on  ± Fe  Knopp’s media after 1dpi of J2 

inoculation. B) Plants’ root growing in Knopp’s media (+Fe and –Fe) with J4 nematode 

after 21 dpi. This is representative of 6 technical and 2 biological replicates. C) Plants’ 

shoot growing in Knopp’s media (+Fe and –Fe) after 24 dpi. This is representative of 6 

technical and 2 biological replicates. 
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Supplemental Table S1. List of primers 

 


