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To clarify the roles of carbon monoxide (CO), nitric oxide (NO), and auxin in the plant response to iron deficiency (–Fe), and to establish how the signaling molecules interact to enhance Fe acquisition, we conducted physiological, genetic, and molecular analyses that compared the responses of various Arabidopsis mutants, including hy1 (CO deficient), noa1 (NO deficient), nia1/nia2 (NO deficient), yuc1 (auxin over-accumulation), and cue1 (NO over-accumulation) to –Fe stress. We also generated a HY1 over-expression line (named HY1-OX) in which CO is over-produced compared to wild-type. We found that the suppression of CO and NO generation using various inhibitors enhanced the sensitivity of wild-type plants to Fe depletion. Similarly, the hy1, noa1, and nia1/nia2 mutants were more sensitive to Fe deficiency. By contrast, the yuc1, cue1, and HY1-OX lines were less sensitive to Fe depletion. The hy1 mutant with low CO content exhibited no induced expression of the Fe uptake-related genes FIT1 and FRO2 as compared to wild-type plants. On the other hand, the treatments of exogenous CO and NO enhanced Fe uptake. Likewise, cue1 and HY1-OX lines with increased endogenous content of NO and CO, respectively, also exhibited enhanced Fe uptake and increased expression of bHLH transcriptional factor FIT1as compared to wild-type plants. Furthermore, we found that CO affected auxin accumulation and transport in the root tip by altering the PIN1 and PIN2 proteins distribution that control lateral root structure under –Fe stress. Our results demonstrated the integration of CO, NO, and auxin signaling to cope with Fe deficiency in Arabidopsis.
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INTRODUCTION

Iron deficiency (–Fe) severely limits the yield of crops growing in calcareous soils (Curie and Briat, 2003). Although Fe is abundant in the soil, Fe availability is limited due to its poor solubility in aerobic and neutral pH environments (Briat et al., 1995). Plants have evolved two distinct strategies of Fe acquisition to cope with –Fe (Imsande, 1998). Non-graminaceous plants acidify the extracellular medium surrounding the roots and improve the ferric-reducing capability of the roots to enhance ferrous Fe uptake (Strategy I), whereas graminaceous plants secrete phytosiderophores to enhance Fe uptake from the soil (Strategy II) (Marschner, 2011). In Arabidopsis (Arabidopsis thaliana), ferric Fe reduction is mainly achieved through the activity of Fe reductase, FRO2 (Ferric Reductase Oxidase 2), on the surface of roots. Ferrous Fe is then absorbed through the root epidermis by the metal transporter IRT1 (Iron-Regulated Transporter 1) (Vert et al., 2002). Fe-Deficiency Induced Transcription Factor 1 (FIT1) forms heterodimers with basic Helix-Loop-Helix (bHLH) 38 and bHLH39 to regulate Fe acquisition (Yuan et al., 2008). Furthermore, two other bHLH proteins, bHLH 100 and bHLH 101, are highly induced by –Fe, which indicates their involvement in Fe acquisition (Wang et al., 2007; Sivitz et al., 2012). The intercellular distribution of Fe throughout the plant also affects Fe availability. Ferric Reductase Defective 3 (FRD3), an eﬄux transporter of ion chelator citrate, facilitates root-to-shoot circulation of iron in the xylem sap (Green and Rogers, 2004). Nicotianamine (NA) is a low molecular mass metal chelator with a high binding affinity for a range of transition elements including Fe. The Fe transporter Yellow Stripe-like 1 (YSL1) moves Fe (II)-NA from the xylem to the phloem (Le Jean et al., 2005). Various signaling molecules and plant hormones including nitric oxide (NO), auxin and ethylene modulate the response to –Fe by plants (Graziano and Lamattina, 2007; Chen et al., 2010; Lingam et al., 2011; Meiser et al., 2011). In addition, Fe uptake is regulated at the post-transcriptional level. For instance, FIT and IRT undergo ubiquitin-dependent protein degradation in relation to Fe availability (Barberon et al., 2011; Meiser et al., 2011). However, many of the mechanisms underlying Fe acquisition during plant exposure to –Fe remain to be identified and characterized.

Carbon monoxide (CO), an important reactive trace gas in the troposphere, has recently been shown to be generated in animals through the activity of heme oxygenase (HY; EC1.14.99.3), and is an essential regulator (Otterbein et al., 2000). Recent research in plants suggests that CO plays a role in root formation, and in the response to saline and heavy metal stress (Guo et al., 2008; Han et al., 2008; Xuan et al., 2008; Xie et al., 2011). Likewise, NO is a free radical gas involved in the regulation of multiple physiological functions in animals and plants (Wendehenne et al., 2004; Yang et al., 2013, 2015). In plants, NO is generated through the activities of nitrate reductase (NR) and NO synthase (NOS)-like enzymes, and possibly also non-enzymatic processes (Besson-Bard et al., 2008; Scheler et al., 2013). Under chilling stress, NO normally interacts with CO to regulate seed germination (Bai et al., 2012). In Arabidopsis, long-hypocotyl protein 1 (HY1), a heme oxygenase, has been shown to participate in the biosynthesis of the phytochrome chromophore (Davis et al., 1999). Recently the role of HY1 in CO synthesis has drawn much attention (Han et al., 2008; Xuan et al., 2008; Xie et al., 2011). A previous study suggests that HY1-dependent CO generation induces the subsequent accumulation of NO, thereby improving the tolerance of Arabidopsis to –Fe (Li et al., 2013). Auxin also induces NO accumulation which increases the activity of ferric chelate reductase (FCR) to promote Fe uptake in Arabidopsis subjected to –Fe (Chen et al., 2010). It has been suggested that there are possible interplays among CO, NO, and auxin signaling upon plant exposure to –Fe. However, the patterns of these signaling interactions in response to iron depletion remains to be characterized further.

MATERIALS AND METHODS

Plant Growth and Treatments

The Columbia ecotype (Col-0) of Arabidopsis served as wild-type and all mutants in the Col-0 background were obtained from the Arabidopsis stock center (Scholl et al., 2000), including the HY1 null mutant hy1, the auxin-insensitive mutants axr1-3 (Lincoln et al., 1990), the auxin-transport mutant aux1-7 (Pickett et al., 1990), the auxin-overproducing mutant yuc1 (Zhao et al., 2001), the NO overproducing mutant cue1 (He et al., 2004), the NOA-deficient mutant noa1 (Guo and Crawford, 2005), the NR-null-deficient double mutant nr (nia1/nia2), the auxin-related reporter lines DR5:GFP (Ottenschläger et al., 2003), AUX1-YFP (Giehl et al., 2012), PIN1-GFP (Ottenschläger et al., 2003), and PIN2-GFP (Ottenschläger et al., 2003). The double mutants, yuc1/hy1 and hy1/cue1, were generated by crossing. The resulting homozygous lines were identified and isolated using the PCR primers listed in Supplementary Table S1.

Seeds were surface sterilized, kept in dark at 4°C for three days, and then germinated on 0.9% (w/v) agar plates supplemented with 1.0% (w/v) sucrose and a nutrient solution, consisting of 300 μM Ca(NO3)2, 50 μM MgSO4, 30 μM NaH2PO4, 50 μM K2SO4, 3 μM H3BO3, 0.4 μM ZnSO4, 0.2 μM CuSO4, 0.5 μM MnCl2, 1 μM (NH4)6(Mo7)O24, and 20 μM Fe-EDTA at pH 6.5 (KOH). One-week old seedlings were transferred into vermiculite supplemented with the same nutrient solution as described above. After another week, the seedlings were transplanted from vermiculite into the compartments of 1 L hydroponic holders filled with the nutrient solution described above with aeration. The nutrient solution was refreshed every other day. The seedlings were then grown at 21°C with a relative humidity of 70% and a daily light-dark cycle of 10 and 14 h. The daytime light intensity was 200 to 250 μmol photons m-2s-1. One week later, plants were transferred into the media containing either 20 μM (+Fe) or 0 μM (–Fe) FeNaEDTA for another week. The media was refreshed daily.

Generation of Transgenic HY1-6HA-Overexpressing Plants

The cDNA of the HY1 gene was synthesized through reverse transcription and served as the template to PCR amplify HY1 fragments using the primers listed in Supplementary Table S1. The resulting HYI fragment was cloned into a pMD18 T-vector. The HY1 insert was then excised using EcoRI and BamHI, and cloned into the EcoRI and BamHI sites of the pOE-6HA vector to obtain the expression vector pOE-HY1-6HA, in which the coding region of HY1 was fused with 5′ end of a 6XHA (hemagglutinin) reporter tag. pOE-HY1-6HA was then transformed into Col-0 plants using Agrobacterium tumefaciens strain GV3101. Transgenic seeds were screened based on Basta resistance and the homozygous transgenic lines, named HY1-OX, were further verified by PCR and immunoblot analysis using anti-HA antibodies.

Chemical/Inhibitor Treatments

The final concentrations of chemicals added to the culture solutions were as follows: 100 nM NAA, 10 μM NPA, 30 μM GSNO, 30 μM SNAP, 100 nM CORM2, 1 mM L-NAME, 10 mM tungstate, 300 μM cPTIO, and 200 μM ZnPPIX. Prior to inhibitor treatment, all lines were initially grown in +Fe media for 2 weeks. Afterward, all lines were transferred to –Fe media or –Fe media supplemented with various inhibitors and cultured for 1 week. Lines transferred to new +Fe media served as controls. After the indicated periods of treatments, the seedlings were collected for further analysis.

CO Quantification and Assay of HY1 Enzyme Activity

Carbon monoxide in plant tissues was quantified using a previously described method with minor modifications (Bai et al., 2012). Briefly using liquid nitrogen, 0.5 g of treated plants were ground into a fine powder and transferred into a 4 ml bottle. Samples were stored under vacuum conditions in an ultralow chiller prior to further processing. To avoid foaming, 20 μl 1-octanol and 1 ml distilled water were sequentially added to each bottle. Each bottle was then immediately capped and shaken vigorously for approximately 30 s. One milliliter of sulfuric acid was injected into each bottle through the rubber cap using a syringe with a needle. Bottles were shaken briefly, and then placed into a 70°C water bath for 3 h with occasional shakings. After each bottle was cooled down to room temperature, 1 ml of air from the headspace was taken to quantify the CO concentration using a GC/MS system. The HY1 enzyme activity was determined as previously described (Bai et al., 2012).

NO In situ Measurement

Nitric oxide content in root was quantified using DAF-FMDA under epifluorescence microscopy (Guo et al., 2003; Chen et al., 2010). Five millimeter of root tip segments were soaked in 20 mM HEPES/NaOH buffer (pH 7.4) supplemented with 5 mM DAF-FMDA for 20 min. After washing three times with 20 mM HEPES/NaOH buffer, the root tips were analyzed microscopically (Nikon Eclipse 80i, Nikon, EX 460-500, DM 505, BA 510-560). The intensities of the green fluorescence from the root tips were quantified by measuring the average pixel intensity with Photoshop software (Adobe Systems) (Guo et al., 2003). Data are presented as the mean percentages of fluorescence intensity relative to that of the wild-type plants grown under the same conditions.

Measurement of Fe Content

Seedlings were washed for 5 min in a solution containing 5 mM CaSO4 and 10 mM EDTA, and rinsed briefly in de-ionized water prior to further processing. Roots and shoots were cut into smaller pieces, and dehydrated at 70°C. A hundred milligrams of the dried tissues were digested completely in 70% HNO3 at 120°C. The Fe content was determined using an Inductively Coupled Plasma-Optical Emission Spectrometer (ICP–OES, Perkin Elmer Optima 2100DV).

Immunoblot Analysis

Total proteins of roots were prepared by grinding on ice with an extraction buffer consisting of 50 mM Tris, 5% glycerol, 4% SDS, 1% polyvinylpolypyrrolidone, and 1 mM phenylmethylsulfonyl fluoride (pH 8.0), followed by 14,000 × g centrifugation at 4°C for 15 min. Fifteen milligrams of total protein were separated by electrophoresis on a 12% SDS–polyacrylamide gel and blotted onto polyvinylidene difluoride membranes, which were then probed with the appropriate primary anti-HA antibody (1:1000) and horseradish peroxidase-conjugated goat anti-mouse secondary antibody (1:3000, Promega). Protein levels were visualized using an ECL Kit (GE healthcare, USA).

Assay of Auxin Polar Basipetal Transport

Auxin transport was assayed using [3H] IAA as described previously (Guo et al., 2003). Briefly, the primary roots of 12-days-old seedlings were removed from intact plants. Then the seedlings, without primary roots, were placed onto petri dishes with 0.8% agar supplemented with half-strength Murashige and Skoog medium and additional chemicals for various treatments. For the assay of auxin polar basipetal transport, ten 1 cm hypocotyl segments excised below the cotyledons were carefully transferred into a microcentrifuge tube containing 0.1 mL of [3H]IAA (American Radiolabeled Chemicals) in an orientation of apical end down. After incubation for various periods, 0.2 cm segments from the apical end were excised and used to measure radioactivity in a liquid scintillation counter. The non-polar transport of auxin in the segments was determined by adding NPA (Chem Service) to the medium or by reversing the orientation of the stem segments in the medium.

Determination of FCR Activity in Roots

Ferric Chelate Reductase activity was determined according to a method reported previously (Chen et al., 2010). Briefly, 0.1 g of the whole roots excised from seedlings were transferred into a test tube filled with 5 mL of assay solution consisting of 0.5 mM CaSO4, 0.1 mM 4-morpho-lineethanesulfonic acid, 0.1 mM bathophenanthrolinedisulfonic acid disodium salt hydrate (BPDS), and 100 mM Fe-EDTA (pH 5.5 using NaOH). The tubes were kept in the dark at room temperature for 1 h with brief swirling by hand every 10 min. The absorbance of samples at 535 nm was measured using a spectrophotometer, and the concentration of Fe(II)[BPDS]3 was calculated using an extinction coefficient of 22.14 mM-2⋅cm-2. Data were expressed as the mean percentages of FCR activity of the wild-type control grown on +Fe medium. To localize the distribution of FCR activities in roots, roots excised from the seedlings were embedded in 0.75% agarose medium containing 0.5 mM CaSO4, 0.5 mM FeNaEDTA, and 0.5 mM ferrozine. Roots were then incubated at room temperature for 20 min. Color patterns of 5 mm root tips were imaged by light microscopy (Nikon Eclipse 80i, Nikon).

RNA Extraction and qRT-PCR

Total RNA was extracted from Arabidopsis seedlings using Trizol reagent (Invitrogen, USA). qRT-PCR was performed as described previously (Chen et al., 2010). Briefly, 1.5 μg of DNA-free RNA served as the template to synthesize first-strand cDNA in a 20 μL reaction using a Thermo Scientific RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific, USA) and oligo (dT)18 primer. qRT-PCR was performed using 2x SYBR Green I Master Mix on a Roche Light Cycler 480 real-time PCR machine, according to the manufacturer’s instructions. At least three biological replicates were analyzed. ACTIN2 served as an internal control of gene expression. Gene-specific primers that were used are listed in Supplementary Table S1.

GUS Staining

The HY1 promoter was cloned into the pSUNG vector using the primers listed in Supplementary Table S1. The resulting pHY1:GUS vector was transformed into Col-0 using the floral dip method (Clough and Bent, 1998). Basta-resistant T2 seedlings was used in the GUS staining assay as described previously (Bai et al., 2012).

Histochemical Analysis

The activities of FCR and chlorophyll content were measured as described previously (Long et al., 2010). To localize Fe3+, 2-week-old seedlings were vacuum infiltrated with Perl’s stain solution containing 2% HCI and 2% K-ferrocyanide for 30 min. Seedlings were then incubated for another 30 min in Perl’s staining solution. After washing three times with distilled water, seedlings were imaged using a Leica DM500B microscope.

Other Methods

Root growth rates were measured by marking the position of the root tips daily. Two-week-old seedlings were scanned and ImageJ software was used to measure root length. Lateral roots and lateral root primordia were counted under light microscopy.

Rhizosphere acidification was performed as described previously (Long et al., 2010). Briefly, seeds were germinated in +Fe medium and then were transferred into –Fe medium and grown for 1 week. The seedlings were then transferred onto a 1% agar plate (pH 6.5 using NaOH) containing 0.006% Bromocresol Purple and 0.2 mM CaSO4 and cultured for 24 h.

RESULTS

Fe Depletion Induces Heme Oxygenase Activity and CO Production

To understand the regulatory role of CO in Arabidopsis plants exposed to –Fe, we first obtained HY1-null lines hy1-100 (hereafter hy1), which harbors a single base pair mutation in the second exon of the HY1 gene encoding heme oxygenase. The hy1 mutant had yellowish leaves and longer hypocotyls as compared to wild-type Columbia after 5 days of continuous white light (Davis et al., 1999). We also generated several independent transgenic lines in which HY1-6HA was constitutively expressed under the control of CaMV 35S promoter. Among them, HY1-6HA expression was up-regulated most strongly in the line 3 and was named HY1-OX (Supplementary Figure S1). Thus, this line was used in the following experiments. First, we measured the heme oxygenase activity and CO release after Fe depletion for wild-type, hy1, and HY1-OX plants. As shown in Figure 1A, –Fe gradually induced heme oxygenase activity and CO production in the wild-type as well as increased HY1 transcript abundance (Supplementary Figure S2). Compared to the wild-type, the hy1 mutant, impaired in heme oxygenase activity, produced less CO. We also generated a transgenic line, pHY1:GUS, in which the promoter region of HY1 drives the expression of the beta-glucuronidase (GUS) reporter gene. Consistent with the findings described above, the pHY1:GUS reporter line showed enhanced GUS staining under Fe depletion compared to wild-type (Figure 1B), indicating HY1 expression and enzyme activity is inducible by Fe deficiency.
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FIGURE 1. Induction of heme oxygenase activity and CO generation by –Fe. (A) –Fe induced heme oxygenase activity and CO generation. Two-week-old wild-type Col-0, hy1 seedlings and HY1-OX lines were transferred to –Fe hydroponic medium, and heme oxygenase activity and CO generation were measured at the indicated time points. Data are the means ± SD (n = 6). (B) –Fe induced the transcription of HY1. Two-week-old wild-type Col-0 or transgenic pHY1:GUS seedlings were shifted to –Fe hydroponic medium, and the seedlings were subjected to GUS staining after 3 days of –Fe stress. Bar = 0.1 cm. (C,D) Perl staining analysis of Col-0, hy1, and 2-week-old HY1-OX plants subjected to –Fe stress. Two-week-old Col-0, hy1, and HY1-OX seedlings were shifted to –Fe liquid media for 1 week and the roots were analyzed using a ferrozine assay©, or to –Fe solid media containing Bromocresol Purple (D) for 1 day. Red indicates acidification. Bar = 0.5 cm.



To determine the role of CO in regulating Fe uptake, we measured Fe content using two distinct techniques. Perl staining revealed that the wild-type and HY1-OX line contained more ferric Fe in their roots compared to the hy1 line defective in the activity of heme oxygenase under Fe depletion (Figure 1C). The abundance of ferric Fe was also reduced in the wild-type and HY1-OX under –Fe, but ferric Fe was at such a low amount in the hy1 line that it was not detectable. Similarly, the acidification capability of wild-type and HY1-OX was markedly higher than the hy1 line under Fe depletion (Figure 1D). This suggests that HY1-dependent CO production plays a pivotal role in Fe uptake under Fe deficiency.

Carbon Monoxide Enhances the Activity of FCR and Increases Fe Uptake in Arabidopsis Exposed to Fe Deficiency

We recorded the visible phenotypes of wild-type, hy1, and HY1-OX under Fe depletion. The wild-type and HY1-OX line grew well under regular conditions, but hy1 was chlorotic (Figure 2A). Upon exposure to –Fe, the chlorophyll content and Fe content were both reduced in all lines as compared to +Fe (Figures 2B,C). However, the reductions were less in wild-type and HY1-OX plants as compared to hy1 (Figures 2B,C). FCR activity was enhanced upon exposure to –Fe stress in the wild-type and HY1-OX plants but not in the hy1 mutant. To determine whether CO is involved in the response to –Fe, we added the exogenous CO donor CORM2 to Fe-depleted medium. As shown in Figure 2B, the addition of CORM2 improved chlorophyll content and FCR activity in the wild-type and hy1 mutant. Furthermore, the addition of exogenous CO under –Fe conditions alone significantly improved Fe content in the wild-type and hy1 lines as compared to –Fe treatment (Figure 2C).
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FIGURE 2. The differential responses of the hy1 mutant and HY1-OX line to Fe deficiency. (A) The phenotype of wild-type Col-0, hy1, and HY1-OX lines in response to –Fe stress. Upper: +Fe media; Middle panel: –Fe media; Bottom: –Fe media plus the CO donor, CORM2. Col-0, hy1, and HY1-OX seeds were germinated for 7 days and then grown on vermiculite with fresh complete nutrient solution for another 7 days. The seeds were transferred to –Fe hydroponic media or –Fe hydroponic media plus 100 nM CORM2 for 1 week and then photographed. Seedlings growing in the +Fe hydroponic media were used as the positive control. (B,C) Quantification of chlorophyll content (B), FCR activity (B), and Fe content (C) of plants growing in +Fe or –Fe hydroponic media. Two-week-old seedlings of the Col-0, hy1, and HY1-OX lines were grown in +Fe hydroponic media, were shifted to –Fe hydroponic media for 1 week, and the chlorophyll content and FCR activity were measured. Seedlings left in +Fe hydroponic media were used as the control. Data are the means ± SD (n = 12), and bars labeled with different letters are significantly different at p < 0.05 (Tukey’s test).



Auxin Induces HY1 Expression

Because auxin signaling is involved in the Arabidopsis response to –Fe (Chen et al., 2010), we deduced that auxin and CO signaling processes may interact somehow in response to –Fe. To this end, we examined the effect of auxin on HY1 expression. As shown in Figure 3A, the treatment of low concentration of NAA enhanced GUS staining in transgenic pHY1:GUS lines. Consistent with this observation, NAA treatment increased the abundance of HY1 transcripts (Figure 3B). We also measured the impact of auxin on CO production. As shown in Supplementary Figure S3, NAA treatment induced CO generation and activity of heme oxygenase. In the HY1-OX line, NAA treatment enhanced HY1 protein accumulation, and the effect was reduced if HY1-OX was treated with ZnPPIX, a specific inhibitor of HY1 (Figure 3C). Interestingly, two protein fragments were identified in the samples at all timepoints, suggesting that possible post-translational modification of HY1 occurs. These findings indicate the possible post-translational modification of HY1 after auxin treatment.
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FIGURE 3. Auxin induced HY1 activity and HY1-dependent CO generation. (A) Auxin treatment induced GUS expression in the pHY1: GUS transgenic line. Two-week-old pHY1: GUS seedlings were treated with 100 nM NAA for 1 day, and HY1 expression was monitored by GUS staining. Seedlings not exposed to NAA treatment were used as a control. Bar = 0.2 cm. (B) Time-course qRT-PCR analysis of HY1 transcripts abundance after treatment with 100 nM NAA. (C) Auxin induced HY1-HA protein accumulation. Transgenic HY1-OX seedlings (termed HY1-OX) were treated with 100 nM NAA at the indicated time points, and HY1-HA accumulation was analyzed by immunoblot using anti-HA antibody. Blotting with an anti-tubulin antibody was used as a loading control. 3d+ZnPPIX: HY1-OX lines treated with 100 nM NAA plus 200 μM ZnPPIX for 3 days, before GFP-HY1 accumulation was measured. The asterisk indicates putative post-translational modification bands.



CO Modulates Auxin, the Expression of the Auxin Transport Components, and Root Hair Development Under Fe Deficiency

To gain insight into the role of CO in auxin signaling, we investigated the distribution of auxin in hy1 and HY1-OX lines in response to the change of CO levels. We used an Arabidopsis DR5:GFP line in which DR5, a synthetic auxin-inducible promoter, drives the expression of the GFP reporter gene (Ulmasov et al., 1997). The line is widely used to detect the accumulation and distribution of auxin (Ottenschläger et al., 2003; Müller and Sheen, 2008). We transferred the DR5:GFP cassette into hy1 and HY1-OX lines through genetic crossing. The analysis of confocal microscopy revealed that the GFP signal was stronger in the wild-type and HY1-OX lines than in the hy1 mutant grown on +Fe media, and that the difference was enhanced further under Fe depletion (Figure 4A). Moreover, the CO donor CORM-2 treatment restored the auxin level in the root tip of hy1 to that of the wild-type (Figure 4A). This may suggest that HY1-dependent CO production is positively correlated with the abundance of auxin in root tips.
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FIGURE 4. Iron deficiency stress altered the expression patterns of Dr5: GFP, PIN1-GFP, and PIN2-GFP in the root tip. (A,B) Confocal images of the DR5:GFP reporter (A) and PIN1-GFP (B) in Col-0, hy1, and HY1-OX lines treated with +Fe, –Fe, or –Fe +100 nM CORM2 for 1 day. (C,D) Confocal images of the PIN2-GFP reporter in Col-0, hy1, and HY1-OX lines treated with +Fe, –Fe, or –Fe +100 nM CORM2 for 3 days. Left: fluorescence images of the root tip; Right: enlarged window.



The flux of auxin from the shoot to the root is largely determined by the polar localization of auxin transporters, including the auxin influx carrier AUX1 and eﬄux carriers PIN1 and PIN2, on the plasma membrane (Blilou et al., 2005). To investigate the polar localization of AUX1 and PIN1/2 in wild-type, hy1, and HY1-OX, AUX1-YFP, PIN1-GFP, and PIN2-GFP constructs were introgressed into these lines by crossings. We found that Fe depletion for one day dramatically reduced the abundance of PIN2-GFP, and to a lesser extent, of PIN1-GFP and AUX1-YFP, in hy1 mutant compared with wild-type (Figures 4B,C; Supplementary Figure S4).

Iron deficiency also increased the root hair density in the wild-type and HY1-OX lines (Supplementary Figure S5A,B). The hy1 mutant impaired in CO generation did not have an increase in root hair density induced by –Fe yet the addition of exogenous CO increased root hair formation (Supplementary Figure S5A,B). A similar observation has been reported previously (Graziano and Lamattina, 2007). The CO signal was also involved in lateral root development (Supplementary Figure S5C). The HY1-OX line developed more lateral roots under +Fe or –Fe conditions, and the hy1 mutant had fewer lateral roots under –Fe conditions compared to the wild-type. –Fe treatment caused an increase in lateral root number in wild-type and HY1-OX lines, but not in hy1, which had fewer lateral roots even under +Fe conditions compared to wild-type (Supplementary Figure S5C). Addition of CORM2 under –Fe caused an increase in the root length of hy1 (Supplementary Figure S5C).

CO Increases FCR Activity, Fe Content, and Polar Auxin Transport but Requires Auxin Transporters

To further characterize the modulation of auxin in response to –Fe, we crossed the auxin over-accumulation mutant yuc1 with hy1 to obtain the double mutant yuc1/hy1 (Chen et al., 2010). Compared with hy1, the yuc1 mutant was less chlorotic under –Fe, indicating an increased tolerance to –Fe (Figure 5A). Compared to wild-type, yuc1 had increased iron content, FCR activity, and basipetal auxin transport after –Fe treatment for 1 week (Figure 5B). The addition of CORM-2 improved the growth of both the hy1 and yuc1/hy1 (Figure 5A). HY1-OX and yuc1 had higher root Fe content and higher FCR activity after exposure to –Fe stress compared to wild-type (Figures 5B,C). Like hy1, yuc1/hy1 double mutant had lower Fe content and FCR activity as compared to the wild-type plants (Figures 5B,C), implying that HY1 activity is essential/required for Fe acquisition during –Fe.
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FIGURE 5. Auxin and CO modulate the response to –Fe in Arabidopsis. (A) The phenotypes of yuc1, yuc1/hy1, and hy1 seedlings grown on +Fe, –Fe, or –Fe+CORM2 media for 1 week. These lines were all first grown on +Fe media for 2 weeks. Lines kept on +Fe media were used as the positive control. (B–D) The effect of –Fe stress on FCR activity (B), Fe content (C), and basipetal auxin transport (D) in the wild-type Col-0, hy1, and HY1-OX lines. All lines were first grown on +Fe media for 2 weeks and then shifted to –Fe media (–Fe) or kept on +Fe media (+Fe) for 1 week before measurements were taken. Data are the means ± SD (n = 10), and bars with different letters are significantly different at p < 0.05 (Tukey’s test).



Because CO serves as a signal molecule to modulate the distributions of the polar auxin transporters, PIN1, PIN2, and AUX1, we also investigated the impact of CO treatment on basipetal auxin transport in relation to Fe depletion. Figure 5D shows the net amount of indole acetic acid (IAA) undergoing basipetal transport in a 1-cm apical segment after various treatments. With and without iron, the auxin over-producing mutant yuc1, and CO overproducing mutant HY1-OX had the greatest capacity for basipetal auxin transport. In contrast, under –Fe, hy1, aux1-7, aux1-7/HY1-OX lines had the lowest transport of auxin among all lines. Compared to yuc1, the high transport activity of auxin was impaired in yuc1/hy1, indicating that the presence of CO signaling is required for active transport of auxin.

To determine whether auxin contributes to the –Fe response through changes in auxin transport or auxin signal transduction, we examined the responses of the auxin transport mutant, aux1-7, and the auxin signaling mutant, axr1-3, under Fe depletion. We found that aux1-7 was more sensitive to –Fe, exhibiting lower FCR activity and basipetal auxin transport than axr1-3. axr1-3 did not differ from wild-type plants during –Fe for FCR activity and basipetal auxin transport (Figures 5B–D). Furthermore, HY1-OX/aux1-7 was still sensitive to Fe depletion, indicating over-expression of HY1 cannot compensate the defects of auxin transport to improve Fe acquisition in the aux1-7 mutant background (Figures 5B–D).

Double mutant analysis identified that HY1 is epistatic to YUC1 and AUX1-7 is epistatic to HY1-OX for FCR activity, Fe content, and basipetal auxin transport with or without Fe (Figures 5B–D). This suggests, under –Fe, in order to have CO signaling to cause downstream effects (increase in FCR activity, iron content, etc.) the auxin 1–7 transporter is required.

Pharmacological experiments also revealed the importance of auxin and CO in the response to –Fe in Arabidopsis. As shown in Supplementary Figures S6–S8, as compared to untreated plants, the permeable auxin analog NAA significantly improved FCR activity, Fe content, and basipetal auxin transport under –Fe. The addition of CORM2, during –Fe, also increased FCR activity, iron content, and basipetal auxin transport in the wild-type plants but this effect required auxin transporters. The auxin transport inhibitor NPA alone markedly suppressed FCR activity, basipetal auxin transport, and reduced Fe content under –Fe. ZnPPIX treatment, a HY1 inhibitor, also reduced FCR activity, iron content, and basipetal auxin transport as compared to untreated plants during Fe depletion.

Under Fe Deficiency, Auxin Effects on NO generation are HY1 Dependent and Auxin Transporters are needed for NO Generation

Arabidopsis noa1 and nia1/nia2 (termed nr) mutants are unable to accumulate sufficient amounts of NO (Guo et al., 2003; Wang et al., 2010), whereas cue1 produces excess amounts of NO (He et al., 2004). NO was reported to regulate the plant’s response to –Fe (Chen et al., 2010). To unravel the role of cross-talk between CO and NO signaling under –Fe stress in Arabidopsis, we examined NO level of the lines subjected to various treatments using the NO dye, DAF-FMDA. With iron, the yuc1, cue1, HY1-OX, and yuc1/hy1, hy1/cue1 lines had higher levels of NO as compared to wild-type (Figures 6A,B). The NO levels in yuc1/hy1 was weaker than in yuc1, suggesting that the effects of auxin on the generation of NO are HY1 dependent. hy1/cue1 and cue1 both had higher NO levels than wild-type plants (Figures 6A,B). –Fe induced an increase in NO generation, among which there was greatest generation in the yuc1 (auxin over-accumulating) and cue1 (NO over-accumulating) lines. By contrast, NO generation was very low in hy1 or yuc1/hy1 under –Fe conditions. In the yuc1/noa1 and yuc1/nr mutants, the NO generation induced by –Fe was lower than in yuc1.


[image: image]

FIGURE 6. Iron deficiency stress induced NO generation. Wild-type Col-0, hy1, HY1-OX, yuc1, yuc1/hy1, aux1-7, aux1-7/HY1-OX, yuc1/noa1, yuc1/nr, cue1, and hy1/cue1 lines were grown on +Fe media and then shifted or not to –Fe media, for 1 day. Green fluorescence indicates NO (A). The corresponding relative fluorescence intensities (B) were recorded. Data are the means ± SD (n = 15), and bars with different letters are significantly different at p < 0.05 (Tukey’s test). BAR = 0.1 cm.



Accordingly, FCR activity and Fe content were higher in HY1-OX and cue1, and lower in hy1, noa1, and nr as compared to wild-type plants grown without iron. Furthermore, under –Fe, hy1/cue1 had higher FCR activity and Fe content than hy1. However under –Fe, HY1-OX/nr had lower FCR activity, Fe content, and basipetal auxin transport than HY1-OX (Figures 7B–D). Under –Fe, basipetal auxin transport was lower in hy1 and hy1/cue1 lines and higher in HY1-OX as compared to wild-type (Figure 7C). Under –Fe, basipetal auxin transport was significantly less in noa1, nr, hy1, and hy1/cue1 as compared to wild-type (Figure 7C).


[image: image]

FIGURE 7. Auxin and CO modulate the response to –Fe stress in Arabidopsis. (A) The phenotypes of hy1, HY1-OX/nr, and hy1/cue1 mutants grown on +Fe, –Fe, or –Fe+CORM2 media for 1 week. All lines were first grown on +Fe media for 2 weeks and then subjected to the specified treatment for 1 week. Lines kept on +Fe media were used as the positive control. (B–D) FCR activity, Fe content, and root basipetal auxin transport in the wild-type Col-0, hy1, and HY1-OX lines upon exposure to –Fe stress. The wild-type Col-0, hy1, and HY1-OX lines were grown on +Fe media for 2 weeks and then shifted to –Fe media (–Fe), or +Fe media (+Fe) for 1 week before measurements were taken. The FCR activity (B), Fe content (C), and basipetal auxin transport (D) were measured after 1 week of –Fe stress. Data are the means ± SD (n = 12), and bars with different letters are significantly different at p < 0.05 (Tukey’s test).



Our other experiments also confirmed a role for NO signaling in the response to –Fe in Arabidopsis. The treatment with the NO scavenger, cPTIO, greatly suppressed FCR activity induced by Fe depletion, as well as NO generation (Supplementary Figures S6 and S9). Treatments with the NR inhibitor tungstate, or the NO synthase enzyme inhibitor L-NAME, also arrested the increase in FCR activity under –Fe conditions (Supplementary Figure S6). By contrast, the treatment with the NO donor (SNAP), increased FCR activity and Fe content under –Fe conditions as compared to untreated plants (Supplementary Figures S6 and S8), However, treatment with the HY1 enzyme inhibitor ZnPPIX, or the auxin transport inhibitor, NPA, reduced NO production, FCR activity, and Fe content as compared to untreated plants (Supplementary Figures S6, S8, and S9). Moreover under –Fe conditions, for the cue1 mutant, in which NO is constitutively produced, FCR activity and Fe content is increased as compared to wild-type plants (Figures 7B,D). Also, the treatments with SNAP, the NO donor, did not have significant effect on the basipetal auxin transport under –Fe status (Supplementary Figure S7).

Auxin, CO, and NO Cooperatively Modulate the –Fe Response

The bHLH transcriptional factor FIT1 up-regulates the expression of ferric reduction oxidase 2 (FRO2) in Fe-deficient Arabidopsis. We found that Fe depletion caused elevated transcription of FIT1 and FRO2 in wild-type plants, and this effect was greater in the yuc1 line, but less in hy1, yuc1/hy1, noa1, nr, HY1-OX/noa1, and HY1-OX/nr (Figure 8). Consistent with the observations, as compared to untreated plants, the treatment with either CORM2 (CO donor) or NAA (auxin) enhanced the expression of FIT1 and FRO2, whereas NPA (auxin inhibitor), ZnPPIX (HY1 inhibitor), cPTIO (NO scavenger), L-NAME (NO synthase inhibitor), and tungstate (NR inhibitor) treatments suppressed the transcriptions of FIT1 and FRO2 in wild-type plants subjected to –Fe depletion (Supplementary Figure S10).


[image: image]

FIGURE 8. Differential FIT1 and FRO2 expression in CO–, NO–, and auxin-related mutants in response to –Fe stress. Two-week-old wild-type Arabidopsis Col-0 seedlings, CO-related lines (hy1 and HY1-OX), auxin-related mutant (yuc1) and NO-related mutants (cue1, noa1, nr), and double mutants (yuc1/hy1, HY1-OX/nr, HY1-OX/noa1, cue1/hy1) were transferred to –Fe media. The FIT1 and FRO2 gene expression in the roots were analyzed by RT-PCR after 24 h of treatment. Tubulin gene expression was used as a control. Data are the means ± SD (n = 9), and bars with different letters are significantly different at p < 0.05 (Tukey’s test).



DISCUSSION

CO Modulates the –Fe Response in Arabidopsis

Numerous studies suggest that CO is a gas messenger that regulates the plant’s response to multiple abiotic stresses (Han et al., 2008; Xuan et al., 2008; Bai et al., 2012; Li et al., 2013). In the present study, we found that CO enhances the tolerance to –Fe in Arabidopsis. Heme oxygenase encoded by HY1 is mainly responsible for CO generation in response to various environmental stimuli in Arabidopsis (Li et al., 2013). Our experiments showed that inhibiting heme oxygenase activity by using specific inhibitor ZnPPIX reduced the activity of FCR and decreased Fe content as compared to untreated plants (Supplementary Figures S6 and S8), suggesting that CO generation modulates the response to –Fe in Arabidopsis. –Fe induces heme oxygenase activity and CO generation in wild-type, but not in hy1 null mutant (Figure 1A). This suggests that HY1 is needed for increased heme oxygenase activity and CO accumulation for plants. By contrast, HY1-OX transgenic line showed higher heme oxygenase activity and CO accumulation than wild-type plants (Figure 1A). The hy1 null mutant was more sensitive to –Fe than the wild-type, exhibiting lower levels of chlorophyll content, FCR activity, and endogenous Fe content. In contrast, the transgenic line over-expressing HY1 was more tolerant to –Fe than wild-type plants (Figure 2). The treatment with artificial CO donor, CORM2, increased chlorophyll content, FCR activity, and Fe content in wild-type and hy1 lines subjected to –Fe, and treatment with CORM2 up-regulated FIT1/FRO2 expression in wild-type plants (Figure 2; Supplementary Figure S10). In agreement with previous research (Li et al., 2013), our results indicate that CO improves the ability of Arabidopsis to cope with –Fe. In Arabidopsis, heme oxygenase encoded by HY1 degrades porphyrin into biliverdin, CO and ionic Fe (Schmitt, 1997). Therefore, induced heme oxygenase activity improves the supply of ionic Fe during short term –Fe. However, this pathway is not sustainable due to the limited amounts of porphyrin in Arabidopsis. In fact, elevated CO level through HY1 activity initiates a downstream cascade of events that enhance Fe uptake by increasing the expression of FIT1 (Figure 8). Our finding that the addition of the CO donor CORM2 increases chlorophyll, FCR activity, and Fe content in the hy1 mutant under Fe depletion (Figure 2) also supports this observation.

CO Promotes Auxin Polar Transport that Improves the Tolerance to –Fe in Arabidopsis

Auxin regulates the accumulation of NO that enhances Fe uptake in Arabidopsis (Chen et al., 2010). Furthermore, CO and NO interact in Arabidopsis to modulate the response to –Fe (Li et al., 2013). We thus reasoned that cross-talk exists between CO and auxin under –Fe. Indeed, we found that auxin induced HY1 transcription and promoted CO generation (Figures 3A,B; Supplementary Figure S3) as did –Fe (Figure 1). Interestingly, immunoblot analysis revealed two bands of HY1-6HA after auxin or CO biosynthesis inhibitor ZnPPIX treatment in HY1-OX seedlings (Figure 3C), which suggests that HY1 undergoes post-transcriptional modification such as protein phosphorylation when subjected to auxin treatment. FIT1 and IRT1, which are involved in the –Fe response, were previously shown to undergo post-transcriptional modification (Barberon et al., 2011; Meiser et al., 2011). Furthermore, the transgenic lines with altered CO accumulation (i.e., hy1 or HY1-OX lines) exhibited changes in auxin accumulation in the root tip under Fe depletion, as shown by an increase of DR5:GFP fluorescence intensity in HY1-OX lines and a decrease in auxin in hy1 as compared with wild-type and addition of exogenous CO to hy1 also enhanced auxin-dependent fluorescence (Figure 4). These observations suggest that CO increases auxin accumulation in the root tip. PIN1 and PIN2 are both important shoot-to-root auxin transporters (Blilou et al., 2005). A previous study showed that localized treatment with Fe ions altered the distribution of auxin in Arabidopsis seedlings (Giehl et al., 2012). We found that more PIN2 accumulated in the HY1-OX lines which produced a higher level of CO than wild-type, and addition of exogenous CO increased PIN2 accumulation in the hy1 mutant impaired in CO production under –Fe (Figures 4B–D). This finding correlates with the pattern of auxin distribution in the root tip under –Fe (Figure 4A), and suggests that CO promotes auxin redistribution under –Fe. In agreement with the conclusion that CO affects auxin distribution in the root tips by increasing the accumulation of PIN2, we also found that –Fe stress caused an increased number of lateral roots and root hairs in wild-type plants. In contast, the hy1 line impaired in CO generation did not (Supplementary Figure S5). HY1-OX, which accumulates a high level of of CO, also exhibited increased lateral root and root hair densities as compared to wild-type plants grown with or without Fe (Supplementary Figure S5). Given that plants adjust their lateral root architecture and root hair density to adapt to –Fe stress (Ling et al., 2002; Graziano and Lamattina, 2007), and that CO is an essential signal in root development (Guo et al., 2008), we propose that CO regulates lateral root architecture and root hair density under –Fe stress.

We also evaluated basipetal auxin transport in wild-type, hy1, and HY1-OX lines, as well as in the auxin over-accumulating line yuc1 and the auxin transport defective mutant aux1-7 (Figure 5D). Basipetal auxin transport was increased in HY1-OX and yuc1 lines and decreased in hy1 plants as compared to wild-type plants (Figure 5D). As compared to untreated plants, addition of exogenous CO also enhanced basipetal auxin transport (Supplementary Figure S7), suggesting that CO generation promotes basipetal auxin transport by affecting the accumulation of PIN1 and PIN2 (Figure 4). NPA treatment that impairs auxin transport also caused a dramatic reduction in Fe content and down-regulation of FIT1 and FRO2 in Arabidopsis subjected to –Fe stress (Supplementary Figures S8 and S10). This suggests that auxin transport is critical in the plants response to –Fe. Suppressing CO generation using the HY1 inhibitor ZnPPIX impaired basipetal auxin transport (Supplementary Figure S7) and reduced Fe content under –Fe stress (Supplementary Figure S8). Conversely, treatment with the CO donor CORM2 increased basipetal auxin transport and Fe uptake as compared to untreated plants. These results confirm that CO promotes basipetal auxin transport that favors the adaptation of Arabidopsis under –Fe stress.

CO Interacts with Auxin and NO Signals to Regulate the Fe Deficiency Response in Arabidopsis

Nitric oxide, another gas messenger, plays multiple regulatory roles in processes such as systemic acquired resistance and the hypersensitive response (Guo et al., 2003; He et al., 2004; Wendehenne et al., 2004; Scheler et al., 2013). Recently, NO has been shown to increase FCR activity in roots and enhances the tolerance to –Fe stress in various plants (Graziano and Lamattina, 2007; Chen et al., 2010). Furthermore, NO acts downstream of auxin signaling (Chen et al., 2010). Our results confirm that the NO signaling is involved in the tolerance of Arabidopsis to –Fe stress. noa1 and nr, which are unable to generate NO, show lower levels of Fe content, FCR activity, and basipetal auxin transport under –Fe stress as compared to wild-type plants, while cue1, which accumulates high levels of endogenous NO, is tolerant to –Fe stress (Figure 7). Similar to the previous findings (Chen et al., 2010), we found that suppressing NO generation using cPTIO, L-NAME, and tungstate caused down-regulation of FIT1 and FRO2 (Supplementary Figure S10) and a marked reduction of Fe content (Supplementary Figure S8). A previous study suggests that the redistribution of auxin triggers NO synthesis and release that initiates the expression of –Fe response genes to enhance Fe uptake (Chen et al., 2010). In agreement with this hypothesis, we found that suppressing auxin transport through NPA treatment or loss of AUX (i.e., aux1-7) decreased NO release under –Fe stress (Figure 6, Supplementary Figure S9), while the auxin over-accumulation mutant yuc1 produced high levels of NO (Figure 6). These findings demonstrate the interplay between auxin and NO under –Fe stress again. In the present study, we also unraveled that by manipulating the CO signal, including treatment with ZnPPIX, a specific inhibitor of HY1, knockout of HY1 (i.e., hy1), treatment with the CO donor, CORM2, and overexpressing HY1 (i.e., HY1-OX), polar auxin transport was affected (Figure 5; Supplementary Figure S7), as evidenced by corresponding PIN1/2 protein accumulation pattern, DR5:GFP fluorescence intensity (Figure 4), lateral root number and the root hair density (Supplementary Figure S5). Ultimately, the NO levels were altered in a corresponding manner (Figure 6). Changes in NO levels affected expression of FIT1/FRO2 which directly determines the capacity of Fe acquisition (Figure 8). These results suggest that CO effects auxin and NO signals in response to –Fe stress in Arabidopsis.

In agreement with our findings, recent studies have suggested that both CO and NO are involved in the plant response to various environmental stresses, including –Fe (Hartsfield, 2002; Guo et al., 2008; Bai et al., 2012; Li et al., 2013). However, the integrative signaling pathway for CO and NO remains largely unknown. Xie et al. (2011) reported that the NOA1/NR-dependent NO signal and HY1-dependent CO signal function in both compensatory and synergistic modes to modulate plant tolerance to salt stress (Xie et al., 2008, 2011). Like noa1 and nr, we found that hy1 showed increased sensitivity to –Fe stress. However, increasing NO content rescued the sensitivity of hy1 to –Fe (hy1cue1 mutant), in agreement with a previous report that NO directly triggers FCR activity and improves Fe uptake (Graziano and Lamattina, 2007; Chen et al., 2010). Furthermore, increasing CO generation did not increase FCR activity or Fe acquisition in noa1 or nr mutants impaired in NO production in our study or a previous study (Bai et al., 2012), suggesting that NO signaling is downstream to CO signaling for FCR activity and Fe content. A recent study has showed that a combination of –Fe and cadmium stress induced NO generation (Han et al., 2008). However, in contrast to our findings, this study found that NO accumulated in hy1 roots exposed to –Fe stress. Another study found that transgenic HY1-OX lines generate more NO than the wild-type after –Fe treatment, while a knock-down of HY1 expression reduces NO accumulation (Li et al., 2013), which is in agreement with our findings. The discrepancies of NO generation in response to –Fe treatment between these studies may be due to differences in experimental conditions. In the first study, seedlings were grown on solid vertical medium for 5 days and then transferred by hand to +Fe medium for a 3-day treatment. However, young seedlings can easily be wounded when moved by hand, and this may have caused NO to accumulate. As suggested in the second study (Li et al., 2013), we used a liquid-culture system. This system is widely used in Fe stress studies, as it does not damage young seedlings.

In summary, our findings demonstrate that –Fe induces heme oxygenase enzyme-dependent CO generation, which promotes basipetal polar auxin transport in root tip by altering the asymmetric accumulation of PIN1 and PIN2. The elevated level of auxin in the root tip promotes Fe acquisition by up-regulating the expression of Fe-uptake genes FIT1 and FRO2. Our study unravels the interactions among CO, auxin, and NO signals to cope with –Fe in Arabidopsis.
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FIGURE S1 | The HY1-HA expression level in different individual transgenic lines that overexpress HY1-HA. The proteins from different individual lines that over-express HY1-HA were extracted for determining the HY1-HA protein content by immunoblot analysis using anti-HA antibodies. The total protein was stained with Coomassie blue (ribulose-1,5-bisphosphate carboxylase/oxygenase [Rubisco]) to confirm equal loading.

FIGURE S2 | Time-course analyses of HY1 transcripts under –Fe or +Fe. Two-week-old wild-type Col-0 lines under –Fe or +Fe medium were used to measure HY1 transcripts at the indicated times. Data are the means ± SD (n = 3).

FIGURE S3 | Auxin induced heme oxygenase activity and CO generation. Two-week-old wild-type Col-0 were treated with 100 nM NAA for indicated time, and the heme oxygenase activity and CO generation were measured. Data are the means ± SD (n = 3).

FIGURE S4 | Expression patterns of AUX1-YFP in the root tip of wild-type Col-0, hy1, HY1-OX lines, and hy1 line treated with CORM2. The seedlings were treated with 100 nM CORM2 after 12 h of –Fe stress, and YFP fluorescence were recorded.

FIGURE S5 |Carbon monoxide (CO) modulates root hair and lateral root development. (A,B) Root hair phenotype of Col-0, hy1, and HY1-OX lines grown in +Fe, –Fe, and –Fe+CORM2 media for 1 week. (C) Col-0, hy1, and HY1-OX lines grown on +Fe, –Fe, or –Fe+CORM2 media for 1 week.

FIGURE S6 | The effects of different inhibitors on FCR activity in the wild-type Col-0 lines with or without –Fe treatment. Two-week-old wild-type-lines were treated with 100 nM NAA, 10 μM NPA, 200 μM ZnPPIX, 300 μM cPTIO, 1 mM L-NAME, 10 mM tungstate, 100 nM CORM2, 100 nM CORM2+10 μM NPA, 30 μM SNAP, 30 μM GSNO, and 30 μM SNAP+10 μM NPA, respectively, for 1 week, and the FCR activity was measured. Data are the means ± SD (n = 12), and bars with different letters are significantly different at p < 0.05 (Tukey’s test).

FIGURE S7 |The effects of different inhibitors on auxin transport in the roots of wild-type Col-0 lines with or without –Fe treatment. Two-week-old wild-type Col-0 lines were treated with 100 nM NAA, 10 μM NPA, 200 μM ZnPPIX, 300 μM cPTIO, 1 mM L-NAME, 10 mM tungstate, 100 nM CORM2, 100 nM CORM2+10 μM NPA, 30 μM SNAP, 30 μM GSNO, and 30 μM SNAP+10 μM NPA, respectively, for 1 week, and basipetal auxin transport was measured. Data are the means ± SD (n = 9), and bars with different letters are significantly different at p < 0.05 (Tukey’s test).

FIGURE S8 | The effects of different inhibitors on Fe content in roots of wild-type Col-0 lines with or without –Fe treatment. Two-week-old wild-type Col-0 lines were treated with 100 nM NAA, 10 μM NPA, 200 μM ZnPPIX, 300 μM cPTIO, 1 mM L-NAME, 10 mM tungstate, 100 nM CORM2, 100 nM CORM2+10 μM NPA, 30 μM SNAP, 30 μM GSNO, and 30 μM SNAP+10 μM NPA, respectively, for 1 week, and the Fe content was measured. Data are the means ± SD (n = 9), and bars with different letters are significantly different at p < 0.05 (Tukey’s test).

FIGURE S9 | The effect of various inhibitors on NO generation after –Fe stress. Two-week-old wild-type Col-0 lines were treated with 100 nM NAA, 10 mM NPA, 300 μM cPTIO, 1 mM L-NAME, 10 mM tungstate, 200 μM ZnPPIX, 100 nM CORM2, 100 nM CORM2+10 μM NPA, and 30 μM SNAP, respectively, for 1 day, and the green fluorescence (A) and the corresponding relative fluorescence intensity (B) in the roots were recorded. Data are the means ± SD (n = 9), and bars with different letters are significantly different at p < 0.05 (Tukey’s test).

FIGURE S10 | The effects of various inhibitors on FIT1 and FRO2 expression in the roots of wild-type Col-0 after –Fe stress. Two-week-old Col-0 seedlings were treated with the indicated inhibitors for 1 day, and FIT1 (left) and FRO2 (right) expression in the root were measured by qRT-PCR analysis. Data are the means ± SD (n = 3), and bars with different letters are significantly different at p < 0.05 (Tukey’s test).

ABBREVIATIONS

CORM2, tricarbonyldichlororuthenium (II) dimer; cPTIO, 2-4-carboxyphenyl-4, 4, 5, 5- tetra-methylimidazoline- 1- oxyl- 3- oxide; DAF-FMDA, 4-amino-5-methylamino-2,7-di-fluorofluorescein diacetate; –Fe, iron deficiency; GSNO, S-Nitrosoglutathione; L-NAME, NG-Nitro-L-arginine Methyl Ester; NAA, a-naphthaleneacetic acid; NPA, N-1-naphthylphtha- lamic acid; SNAP, S- nitroso- N- acetylpenicillamine; ZnPPIX, zinc protoporphyrin IX.
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