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Summary

The root tip zone is regarded as the principaloacsite foriron (Fe) toxicity and is more
sensitive than other root zones, but the mechanism underpinning this remains largely
unknown.

We explored the mechanism underpinning the higher sensitivity & #édopsis root tip

and elucidated nitric oxidéNO)'s role using NGrelated mutants and pharmacological
methods.

Higher Fe sensitivity of the root tip is associated with redymedssium(K™) retention. NO

in root _tips.is increased significantly above levels elsewhere in the root and is involved in
arresting primary roetip-zone growthunderexcess Fe, at least in part related to-iNQuced

K* losssviaSNO1 (sensitive to nitric oxide 1)/SO4 (salt overly sensitive 4) and reduced
roottip-zone cell viability. Moreover, ethylene can antagoniegcess~e-inhibited root
growth and K efflux, in part by controllingoot-tip NO levels.

We conglude that excess Fe attenuates root growth by effecting an increasdiprzooe

NO, and that this attenuation is related to-M@diated alterations in‘khomeostas partly

via NO1/SOHA.

Key words: Arabidopsis, FeexcessK" efflux, K" homeostasis, nitric oxide, primary root growth,
root tip zone NO1/SOHA.

Introduction

Fe is an essential'elemdnitalso toxic to plants when present at elevated levels, as frequently occurs

in soils of low"pH"and oxygen tension (Connolly & Guerinot, 2002; Becker & Asch, 2005). Plants

grown in sail"eontaining excess Fe exhibit visible symptoms of toxicity, which include $soma

reduction, root grewth inhibition, iron plaques in roots, leaf bronzing, and necrosis. Although

physiological and molecular responses to Fe deficiency have been well documentedsptarges

to Fe toxicity and Feexicity-related mechanisms have received less attention.

The root is the first organ to senexcess Fe, and Fe toxicity plays a direct role in modulating root
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system architecture (Onagh al., 2016; Liet al., 2016b). A rapid response of root tips to their
changing surroundings is crucial if root development is to proceed under adversengiibrms.
Recent studiehave shown that the root tip is more sensitive to Fe than other root Zzohése
mechanisms underpinnintpis are still largely unknowr(Zhanget al., 2011, 2012;Li et al.,
2015a,b). Elueidation of the mechanisms of how root tips respond to Fe toxicity will grdatly he
improve our understanding of the adaption and acclimation of root system architectur@lto me
stresses.

Plant hormenes and other molecules are important intermediary signaling compoufushetioat
downstreanof_environmental stimuli. Several messenger molecules such as ethylereaetive
oxygen species (RO%Yye involved in mediating Fexcessdependent changes in root growth. Fe
excess can increase;®, production in the tip zone and arrest primary roatwgh (Reytet al.,
2015). Meanwhile, ethylene evolution is enhanced by upregulating the expression of
1-aminocyclopropane-tarboxylic acid synthaséACS) genes in the root tip and can protect root
growth under Fe toxicity (Liet al., 2015b). Recent resedr has unveiled NO as one critical
component in _plant acclimation responses to a variety of stressgls ascadmium (Cd), copper
(Cu), andaluminumi(Al)stress (Neilkt al., 2003; Crawford & Guo, 2009 ianet al., 2007; Petet
al., 2013;Alemayehuet al., 2015). Under Fe scarcity, NO increases in the root and can affect Fe
uptake from“theculture environment(Pagnussaet al., 2002 Graziano & Lamattina, 2007).
Similarly, NO preduction has been reported to increase under Fe overload (Atrelyd200;
Touraineet al., 2012). Thus, it could be predicted that there may be links between NO and the
Fe-toxicity response in plants. However, there has been no detailed study to evaluate the role of NO in
the Fetoxicity response in plant development, andeeggly not in relation to primary root growth.

A number of studies have shown that intracelluldr pérticipates in many defencelated
processesand that various abiotic and biotic stresses inddicefflux from root cells(Demidchik
et al., 2003, 201D In most cases, this'Kefflux is mediated bK*-selectivechannels, nonselective
cation channels (NSCCs), andnnexins (reviewed in Demidchik, 2014)The guard cell
outwardrectifying:k" channel (GORK)GORK1 is well knownto conduct large outwardly diceed
K* currents frem=root cells in responsedopper ascorbatand/or NaCl, and Na@ictivated K
efflux from_reeots issignificantly dereasd in the gorkl-1 mutant Demidchik et al., 2010;
Demidchik, 2014). NMnselective cation channelkelong to a variety, and as yet to be solidly
identified, gene families (e.gyclic nucleotide gated channel (CNG@gne families contain 20
genes inArabidopsis, glutamate receptor€GLR) gene families contain 20 genesAnabidopsis)
form a group with a cryptic moleculaentity and diverse functional characteristics (Demidé&hik
Maathuis, 2007; Kronzucker & Britto, 2011).The big challenge in studies of
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plasmamembraneaesident NSCC ithe persistent lack of knowledge of the encoding genes and the
fact that single lossf-function mutations do not result in clear phenotypes (Pott&sin
Dobrovinskaya, 2014)Jnder Fe toxicity, a significambssin plant tissue Kevel has been note(d.i
et al., 2001, 2015b, 2016ajut the morphological and physiological mechanisms of robt K
homeostasis under Fexcess has not been identified. A recent study showed that ethylene can
maintain rootK status by regulating Kuptake to support root growth under Fe toxicity ¢tal.,
2015b). In addition;"the possibility that NO contributes to modulatad§umulation by plants has
been recently advanced (Simontacehil., 2015). TheSNO1L/SOHA gene encadg a pyridoxal
kinasewas recently identifieds playing a critical role in N@ediatedroot K homeostasigShi et
al., 2002; Xia, et al., 2014).Xia et al. (2014) demonstratethat exhancedNO increases the
accumulationsofpyridoxab’-phosphate (PLP), which, in turn, repressésuptake inArabidopsis
roots, and\NO-triggered PLP accumulatianainly occurs through N@dhducedSNO1/SOS4&nz/me
activity. Although ‘ethylene and NO signals have been implicated as important for foot K
homeostasis, It remains largely unknown how ethylene and NO are involved in the respoonse of r
K* homeostasis to excess Fe.

In this study,.we employedrabidopsis Columbia-O (Col-0) and NO and ethyleneelated
mutants, to explore the possible mechanism underpinning the higher sensithatydaxicity of the
root tip zone,‘andto elucidate the roles of NO and ethylene. Potential mechaniswedinvdhe

stresgesponse to-excess Fe are discussed.

Materials and Methods

Plantmaterials and growth conditions

Seedlings ofthe following lines were used in this stuihabidopsis thaliana (L.) Heynh.ecotype
Columbia-0 (Cal-0); the mutantsnox1(nitric oxide overproducerl), gsnorl (S-nitrosoglutathione
(GSNO) reductaselpnol/sos4, noal (NO Associatedl)pin2-1, pin3-5, tirl-1, pinl-1, axr2-1,
axr3-3 (Arabidopsis Biological Resource Centreable S1),eto2-1 andEIN3 binding site (EBS):
b-Glucuronidase(GUS), Direct Repeat 5 (DR5): GUS, ACS7:GUS, DR5: Green Fluorescent Protein
(GFP) transgenie-lines were in@ol-0 background and thegorkl mutant was in a\assilewskija
(WS backgroundSeeds were surfacgerilized and coldreated at 4°C for 48 beforebeing sown
on standard growth medium. The standard growth medium was as described previoeishl.(Li
2013), and was composed as follows: 2 mM;RB;, 5 MM NaNQ 2 mM MgSQO,, 1mM CaClk, 50
uM FeEDTA, 50uM H3BO3, 12uM MnSQy, 1 uM ZnC1,, 1 uM CuSQ, 0.2uM Na;MoOy4, 1%
sucrose, 0.5 g/liter MES, and 0.8% agar (adjusted to pH 5.7 with 1 M Na@é&iglay of sowing was

considered day 0. Seedlings were grown, oriented vertically on the surtheccoiture plates in a
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growth chamber, setto a 16 h : 8 h, tighark photoperiod, an irradiance of 100 pmol'm >-s ', and a
temperature of 23 + 1°C. Excess Fe was supplied -&DH& (FeSQ- 7H,0 plus EDTA, 1:1 molar
ratio). ThepH was setto 5.3, basedn our previous report (lat al., 2015b). To study the effect of
exogenous Z4-carboxyphenyl)-4,4,5 fetramethylimidazolind.-oxyl-3-oxide ¢€PTIO), sodium
nitroprusside =(SNR) aminoethoxyvinylglycine AVG), NG-nitro-L-arginine methyl ester
(L-NAME), NG-Monomethyl-L-arginine (LNMME), tetraethylammoniun{TEA), Gd&*, and K
(supplied ask>S0;),"seedlings were supplemented with vandgogcentrations of FEDTA plus

indicated coneentrations of the added compounds. All chemicals were obtaineidrogAldrich.

Localized Fesupply experiments

Localized excesFe treatments were shownSupporting Information Fig. S1, as described in our
previous report (LEet al., 2015a). Brieflyfor ‘root tip-supplied’ plants, segmented agar plates were
separated into upper and lower parts withrard air gap, using movable glass strips 3 mm in width.
Growth medium was poured into the upper part, the exce&DHA medium was poured into the
bottom part andonly the primary root tip of the seedlings 2 mm) was in cotact with the excess
FeEDTA medium./For ‘roothairzonesupplied Fe’ plantsgrowth medium was poured into the
bottom part, excess FEDTA medium was poured into the upper partdonly the shoot and primary
root hair zone ofthe seedlings were in contaith the excess FEDTA medium. Treatment was for

the times indicated.

Rootmeasurements

Roots on the"agar surface were sampled. The lengths of primary roots of individual seeeliengs
measured directly with Image J software from digital images captured with a Canon G7 camera.
Primary root elongation was defined as the length of the root parts newly grown estareint.

Measurements were made of the length from the root cap to the first root hair.

Microscopy andmageand minerahnalysis

The Fespecifie=Perls staining andliaminobenzidine BAB) intensification was adapted from
Roschzttardtzt-al. (2009). Localization of Fe was observed and imaged using an Olympus BX51
microscope equipped with differential interference contrast (DIC) optics ar@yampus DP71
camera. Histochemical analysis of GUS reporter enzyme activity was performed as described
elsewhere (Weigel & Glazebrook, 2002)ypan Blue(TB) staining was used to assess the level of
cell death in the root tips under excessaEeording tdhe method oDuanet al. (2010) with some

modifications. The DR5: GFP reporter was analysed using a Zeiss LSM710 confocal microscope, and
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image analysis was performed using Zeiss 2009 software (Carl Zeiss AG, Jena, Germany). NO and
ROSwere visualized usg the NQspecific fluorescent probe DAFM DA (5 uM) and theROS
fluorescent probe CNH,DCFDA (25 uM), respectively, according to the method of Wahgl.
(2014) with some modificationé&sante Potassium Gre@n(APG2, TEFLabs, Austin, TX, USA)
and CoroNa=Green" acetoxymethyl (AM) ester (Invitrogen, Eugene, OR, US&E employed to
measure Kand Na& concentrations according to Wasgal. (2016). 20 uM AP& and CoroNa
Greenwereadded to"measuring buffenespectively K*: 5 mM NaCl, 5 mM C&-MES, pH6.1;
Na": 10 mM KCI, 5 mM C&*-MES, pH 6.1) and incubatewith the Arabidopsis seedlings for 3 h in
the dark at room temperature. Fluorescence intensity of NO;ARZ&roNa GreenandROSwas
determined by, calculating the relative contribution of the green channel uswvajuke of the RGB
colour models@aséimeasured in Phabtop 7.0 (Adobe Systems), according to Teerawaniclepah
(2007. All staining'and image analysis procedures were repeated at leastmdasults shown are
from one oftwo representativeexperimentsFor mineralanalyses, samples were obtained from root
tip sections ¢. 1-2mm) from both control and exces® treatments. The samples (L% mg)
were digested with 0.2l of concentrated HN@at 110C for 2 h according to Waret al. (2008)
and analyzed.on.an IORS (Agilent, Santa Clara, California USA).

Enzymeactivity‘analysesf SNO1/SOS4

The activity of SNO1/SOS4 was measured using a colorimetric procedure, agdorttie protocols
described by Xiat al. (2014). Briefly 0.5 mL crude extract (containing-4 mg total protein) was
used in a buffer containing 0.2 mM pyridoxal, 0.2 mM ATP, 0.1 mM Zn&id 70 mM KPO, was
used. After 1"h incubation at 37 °C, reactions were stopped by 50 mL chilledrisB¥roacetic
acid (TCA) (w/v). Protein was pelleted by centrifugation (15f)Gat 4°C for 10 min, and then the
supernatant was transferred to a clean tube. After the addition of 2% phenylhydmazZifeNi
H,S0O,) and incubation on ice for 30 min, the PLP formation was meds@sed on the absorbance

at 410 nm. Each reaction was repeated three times.

Measurement-afietK ™ flux with the SIET system

Net fluxes of KiWere measured from the root apical §00 pm from the tip of Col-0 roots)
transition zone"and the root hair §000 um from the tip of Col-0 roots) zones using nenvasively
using SIET (scanning ieselective electrode technique, SIET system -BO3A; Younger USA
Science and Technology Car@Applicable Electronics Inc.; Science Wares Inc., Falmouth, MA,
USA). The principle of this method and the instrument are as detailedtialL{(2010) and Shabala
et al. (2016).Arabidopsis seedlings were grown in a Petri dish for 7 d. Forgtereaments, plants
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were pretreated with mock solution and piigicated concentrationsf cPTIO, SNP, TEA, GH,
AVG, PLP, and K for 2 h. After the specified pretreatment duration, the pretreatment sohai®n
withdrawn and the measuring solution was intcetl Net ion fluxes were first measured in the
basal medium to ensure steady initial values, then 10 mM stock solutiorE@i Fewas applied to
reach a final=Fe=concentration of 300 pM. Transient recordings of the flux kinetics of Kwere
measured for'specified times. All measurements of hdluKes were carried out at Xuyue Science

and Technology"Co:"Ltd (Beijing, China).

Statistical andyraphical analyses
For all experiments, data were statistically analyzed using the SPSS 138hp(8&SS Chicagi,,
USA.). Details"are‘as presented in figure legends. Graphs were produced ugim@ OriAll graphs

and images were prepared using Adobe Photoshop 7.0.

Results

The root tip iS.the critical site in the arrestAwibidopsis primary root growth under Fe toxicity

To analyze the effect of Fexicity on primary root growthArabidopsis seedlings were allowed to
come into contact with varying concentrations ofH2TA. Based on our previous report @tial .,
2015b), 5QuMFe'was used as a contrbicreaed Fe concentrations significantly inhibited primary
root growth (Fig..2a)Primary root growth was also quantified at 1, 2, and 3 d after transfer. Exposure
of the seedlings to excess Fe (300) resulted in an immediate arrest of root groathndicatel

timing (Fig. 1b).Furtherresults showed that Fexcessnduced root growth inhibition requileéhat

the root tip was in direct contact with external Fe $l8d, 1c) andthe distance from the root apex to
the emergence of the first root hair under Becity was reduced to. 50% of that in controléFig.

2a,). These results suggest that root apical tissues are more sensitive to excess Fe and are
immediately growtkarrested upon exces® treatment.

To investigate whether the higher sensitivity of the root apex is associatechigiter Fe
accumulationsthansin the root hair zone, we used a sensitizesheledic, histochemical procedure
(Perls/DAB staining) that reports labile (rRbeme) F&" and some F& (Meguroet al., 2007; Muller
et al., 2015). Uuler excess Fe, the intensity of the R&AB was much deeper in the root hair zone
compared withithe tip zone (Figc)2 The phenomenon was also observed by the Perls method (no
DAB enhancement) (Fig. S2). Thus, the arrest of root growth upon exposheerobt tip to excess

Fe (Figs 1c, 2a,b) may not be explained by a higher accumulation of iron in the root tip.

Higher sensitivity of the root tip zone to Fe may be related to impaired potassiwenstasis
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Potassium (K) has been reported to play #catirole in regulating root development under Fe
toxicity. We, thus, analyzed changes of'Kevel in functionally different root zones (root hair zone
and tip zone). Imaging using the APG2 fluorescing dye revealed that excess Fe dedlioe in the
K" level of the root tip zone, but no significant changes were observed in the roairteover the
times of treatment«(Fig.d2e).Mineral analysisusing ICRMS furthershowed a significardecrease

in the roottip-zone potassium contenhder excesfe treatment(Fig. ). Analysis of root growth
revealed localize® ™deficiency in the root tip, but not in the root hair zone, enhancing the sensitivity
of root growth to Fe (Fig. S3As well, a slight decrease was foundroottip-zonesodium (Na)
stairing (Fig. $4a). However, localizedNa" deficiency in the root tip zondid not significanty
enhancehe sensitivity of root growth to Rexicity (Fig. $4b). There was naignificantdecreasen

the roottip-zonecalcium (Ca) andmagnesium(Mg) contents ovetthe sametime of excesdg-e
treatmen(Fig. S44¢.

To examineéK™ net fluxes at the root surface in response to excessfirectionally differentCol-0
root zones, we used the SIET @mabidopsis roots (Ludewiget al., 2003). Upon excedse
stimulation there was a significant efflux aftracellular K in the tip zone (Fig. 3aBy contrast, the
root hair zoned,3000 um from the tip of roots) showed no remarkable changes in SIET signals
under the same. condition¥he meanK™ effluxes under excess Feeve significantly different
between thetworoot zones (Fig. 3b). As described aboviehigted root growth requires that the
root tip come inte-€ontact with external Fe (Fig. 1c). It was therefore important to ask wkiether
fluxes at the root apex may be changed by direct Fe contact. Addition of excess Fe to thieathole
or only the root tip resulted in a masskeefflux in the root tip zone, whereas the médrflux was
similar when 'the whole root or only the root tip zone was exposed to excésg Féc,d). When
excess Fe was not supplied to the root tip, there were no significant changes ing8Hg isithe
root tip zone (Fig. 3c,d).

K*-selective channels and NSCCs are documented to be involved®iefflux from roots
(Coskunet aly,_2010; Kronzucker & Britto, 2011; Demidchik, 2018habalaet al., 201§. To
delineate betweensthose channels, exogenous TEA, &meelin inhibitor ofK*-channel activity
(Coskunet al 2010, 2013b), and G4 a known blocker of NSCCs (Kronzucker & Britto, 211
were appliedeArabidopsis seedlingsCompared with the mock conditioRe-induced K efflux
was similar in“FEApretreated seedlings. Howeveire Gd* applicationsignificantly decreased the
Fe-induced rootip K* efflux (Fig. 4a,b) and mildlalleviaedthe decrease in the rate of rgopwth
compared with Fe treatment alone (F3§a). The outwardly rectifying K-channelGORK1 is well
known to conduct large K effluxes in response teopper and NaDemidchik et al., 2010;

Demidchik, 2014). Howevemmean K effluxesin the root tip zone did not shosignificant
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differences between theild type and thegorkl mutantunder excess Feand root growth was
decreased igorkl to a similar extent as in thvld type (Figs 4c,d, S5p

K™ deficiencyresulted n severe roegrowth inhibition and theoot-growth inhibition byexcess
Fe in Col-0 was alleviated by Kaddition (Becker & Asch, 2005; lét al., 2015b; Fig.S63. K*
additionled to inereased tigone K content, but did not affect Kfflux at the root tip in response to
excesd-e (Fig. S6b;c).

Excess Fe affects root tip zone growth through overaccumulatid® of
Fe overload stimulates NO accumulation (Arna&u@l., 2006). Indeed, treatment with excess Fe
resulted in significant accumulation of NO #rabidopsis roots (Fig. 5a,. However, this
accumulationswas 'more significaintthe root tip zone (Fig. 59,b

To investigate the possible role of NO iniRduced inhibition of roogrowth we first investigated
the effects of cPTIO (a widely used NQasenger) and SNP (an NO donor) on rgaiwth under
excess Fe. Application of cPTIO clearly reversed the decrease in the rate of primgrgwalotand
the root tip zane size compared with Fe treatment alone@gig). However, application of SNP to
theroot tip clearly.enhanced thedreluced inhibition of roogjrowth(Fig. 6¢). Infiltration with either
L-NAME or L-NMME (inhibitors of animalNO synthase(NOS) that is also effective in plant
systems) did'noet'significantly modify fieduced inhibition oprimary rootgrowth (Fig. S7a), while
they have been shown to reduce the inhibitory effect of salt treatment on root griovetta(l, 2015;
Fig. Srb). Furthermore, the root growth of theal mutant, which exhibits reduced endogenous NO
levels, wasalso similar to Col-0 under Fe excesf~ig. S7c¢).This result supports the previous
finding that NOS “inhibitors -NAME and LNMME) and the mutation in NOA1 did not
significantly affect the excedse-inducedNO production (Tourainet al., 2012).

In agreemenivith pharmacological studies, exposure of the-dl@rproduction mutantsox1 and
gsnorl to excess Fe concentrations led to more inhibition of root growth theol -0 (Figs 6d, S8).
To ascertain' thatithe observed primary root phenotypes were specifically duehtd-eig
concentrations=and not to the organic chelate, similar experiments were performed w@Strapd-e
instead of FEDTA (Fig. ), andnoxl retained higher sensitivity of root growth. Thpatial
response to_Fe'was also compared betv@sr0 andnoxl, and adifference in Fanhibited root
growth between'the two genotypes was only found when the root tips were exposed to efkigss Fe
66€). In agreement with this, the size of the primary root tip xeenuch more reduced mox1 than
Col-0 when Fe was supplied in a localized manner to the root tip §Biglron excess has been
documented to be associated with enhanced throughput through Fenton reactions. Wedlbe test

response ohox1 root growth to excess Cu that is also associatéial Renton reactions. However,
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nox1 displayed increased root growth tolerance tGalkO under Cu excess (Fig. 10

Auxin has been suggested toibeolved inroot growthunderseveral stresses (Giedtlal., 2012;
Yuanet al., 2013), and, thus, was examined h@iléhough the level of thBR5:GUSreporter gene in
the root apex ofvei7-2 mutant,in which auxin biosynthesis is impaired (Yaeagal., 2014), was
markedly reducedcompared wi@ol-0 (Fig. Slla,b) Fe had a similar impact on regtowth
inhibition in both genotypesAnalysis of the response of auximansportand signaling mutants
showedthat vot'growth was decreased in auxin transport mutgimé-(, pin3-5) and in signaling
mutants {jr1-1, axr2-1, axr3-3) to a similar extent as i@ol-0, with slight sensitivity to Fe observed
in thepin2-1 mutant.DR5: GFP expression wakirtheranalyzed in roots treated with excess Fe plus
cPTIO. Although cPTIO careatment relieved the Faediated inhibition of root growth, it had no
effect onDR5.GFPexpression (Fig. $1c).

Recent studies (Regt al., 2015; Onagat al., 2016) suggested that Fe homeostasis interferes with
ROS distribution iny the primary root, and that this interaction may contributdQemediated
primary root shortening under Fe excess. Consistently, excess Fe signifiodotdgdROSIn the
root tip zone ‘of botl€ol-0 andnoxl seedlings (Fig. 8); however, thdROSlevels innox1 did not

significantly differ.from theCol-O0.

NO contributest@xcess-e-mediated K depletionand celldeah in the rootip zone
Given that excess Fe markedly inducedttip K*loss(cf Figs 2, 3, we asked whether endogenous
NO levels in"Fefreated plants were related t6 Issin root tips exposed to Fe streés. shown in
Fig. 7(a,b), te pretreatmentfoArabidopsis roots with the NO scavenger cPTIO reduced the
excessFe-indiicedCol -0 roottip K™ efflux. By contrast, SNP pretreatment significantly enhanced K
efflux in the Col-0 tip zoneunder both control and Fe treatment conditigfgs 7a,h S13a.
Moreover thenoxl mutant exhibited more Kefflux in the root tip zong¢han theCol-0 under both
control and Fereatment condition@Figs 7c,d S13b,$. Gd® pretreatment reducetie Feinduced
root tip K* efflux_inithe nox1 mutant(Fig. 7e,). Moreover,Gd®* did not affect excesBeiinduced
NO levels instheCol-0 root tip (Fig. S14). Imaging, using the APQG fluorescent dye, revealed a
lower K levekinsthe rootip zone of thexox1 mutant than irCol-0 under Fe stress (Fig. 8).

Fe excess.and NO accumtiigda have also been reported to trigger cell death éBali, 2012; Li
et al., 2012). In‘these studies, the rate of regrowth ofr€éated roots wasignificantly different
from thecontrols, although the root growth of bd@bl-0 andnox1 following treament was largely
recovered after 24 h of recovery culture. Moreover, the regrowth ratexbfwas lower than in
Col-0 (Fig. SL5a) We further stained roots with excess Fe using TB staifiignet al., 2010).

Compared with the control, exposure to exces led to increased TB staining intensityhe root
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tip zone, and thdB staining intensity imox1 wassignificantly higher thann Col-0 (Fig. SL5b).
We also tested the effect Kf deficiencyunder excess Fen the TB stainingit the root tip zone.
K™ deficiencysignificantly enhancedol-0 rootip-zone TB staining under Fe toxicity (Fig. 36d
SNO1/SOS has been reported as a critical factor of NO modulation”dé\€ls inArabidopsis
rootsand theactivity was induced by N@Xia et al., 2014). Caosistenlty, SNO1/SOSA activity was
increased in SNireatedCol-0 seedlings, compared with controls (F8g). Also, an increase of
INOVY/SOHA activity was observed in the fieeatedCol-0 andnox1 seedlings; however, the induction
was more significant imox1 (Fig. 9a). Moreover, ompared withCol-0 controls, thesnol/sos4
mutant exhibited aggrawedroot growth inhibitiorandsignificantly moreroot-ip-zoneK™ efflux in
response texcesskFe (Fig.9b,c,d). The elevated PLP content directly mediated byaased
SNO1/SOS agtivitywas reported telay rolesin regulating K currents Xia et al., 2014) In this
study, the PP pretreatment significantly enhanadessFe-induced K efflux in theCol-0 root tip
zone and @plication ofGd®* couldreverse thePLP-induced K efflux under excess Feig. 9e.j.
Seedlings grown under‘kaddition plus cPTIO showed well developed root growth compared with
K* addition alone (Fig. ). However, no significant alleviation by'Kaddition was observed in
nox1 andsnol/sos4.mutants under Fe stress, compared @ahO (Fig. S160, even when exogenous

K* was increased to 10 mM (data not shown).

Ethylene negatively regulates the exeEssnduced NO accumulation

Ethylene has been suggested to alleviate Fe toxicity in some GhseAtACS/ gene has been
reported to play a key role excess~e-induced ethylene production (et al., 2015a,b) herein,
AtACS7:GUS ‘activity, in which the GUS reporter gene is driven by &ACS7 promoter, was
markedly increaskin the root ip under excess Fg-ig. 10a).Consistent with thisthe EBS GUS
expression (an_ethylene reporter construct in which the GUS reporter genefstria synthetic
EIN3-responsive promoter) was also enhanced markedly in the root tip zone ureees(kg.
S17. Supplementation with AVG, an inhibitor of ethylene biosynthesis, aggravated the amhdditi
primary rootgrowthunder Feexcess (Fig 1d). Meanwhilegto2-1, a gainof-function ACS mutant
allele of ETO2whieh confers increased ethylene production (Waiiay, 2004), displayed increased
root-growth tolerance compared wi@ol-0 (Fig. 1Cc).

As ethyleneand NO are both involved in the regulation of root growth undcéss, their roles
here needed to be determined. N€pendent fluorescence in root tips was significantly increased in
the presence of the ethylene inhibitor AVG undeek@ss (Fig10d). This was further supported by
the observation that Heduced NO generation in root tips was loweetio2-1 than inCol-0 (Fig.
10e). Interstingly, application of the NO donor SNBuldincrease th&\tACS7: GUS expression in
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the root tip under excess Fe, compared with the mock condition (Fig. S18). We fuatmaned the
role of ethylene in Feegulated K fluxes. InCol-0 plants, AVG pretretnent significantly enhanced

Feiinduced K efflux in theroottip zone compared to the mock condition (Fig. 10f,qg).

Discussion
Previous, and our present results, show that excess Fe sup@rathiiopsis roots can regulate the
distal organizer‘pattern in the root tip (Reyal., 2015; Fig. 2#&). ExcessFe-induced root growth
inhibition requires that the root tip be in direct contact with external Fe, and the root tip zone is more
sensitive to Fe_toxicity than other root zones (Zhetrag., 2011; Liet al., 2015b; Fig. 1c). However,
it has remained unclear what processes underpin the higher sensitivity of ttie toéte stress. In
our study, wesfound that the higher Fe sensitivity was relatetkast in partto compromise K
retention in the'rot-apicalzone Further examination revealed that the sensitivity of the root tip zone,
the impairment of Khomeostasis in that zonand cell deatlunder Fe toxicity, were connected to
Feiinduced NO accumulatiofio assist in the interpretation of a cdempdata sethat highlights the
importance oNO accumulation and™ homeostasisesponses texcess Fewe provided a model to
explain thegrowth.inhibition of rootapicaltissues at the moleculand physiologicalevel (Fig.11).
Maintaining,, sufficientK™ levels enhances plant tolerance to various environmental stresses
(Kronzuckeret al.;"2008 Britto & Kronzucker, 2009; Szczerlst al., 2009; Coskuret al., 2010,
2013; Li et al., 2019. A strong positive correlation between the ability to retdiraik Feexcess
tolerance was previously reported in rice (Onetgd., 2016),E. hirsutum (Wheeleret al., 1985) and
Arabidopsis (Li et al., 2016a). Although excess Fe was previously reported to inhibit root growth by
negatively requlating K homeostasis (Let al., 2001, 2015pCelik et al., 2010), how Feexcess
impacts root/K homeostasis has remained rather poorly understand. In our study, we found that
Fe-excessinduced K loss was especially pronounced in the root tip zdReot gical zoneshave
moreK™ efflux.and retain les&” when exposed tBeexcess(Figs 2, 3), andK” deficiency in root
apical zonescould aggravate exces®inhibited root growth inhibition (Figs S3, S6&)ells that
are not completely-differentiated, especially those in themaoitstem, are characterized by a small
vacuole, low=velume, low water content, and low fresh weight (Luxova, 1$8&balaet al.
(2009 suggestedhat highernet K efflux implies lower cytosolic K which could altercell
elongation processek. efflux across theoot plasmamembrane iseported to be mainlynediated
by GORK and NSC€ (Coskun et al.,, 2010; Demidchik, 2014; Shabala et al.,
2016). Copperscorbaténduced K loss from Arabidopsis roots is mediated by Kselective
channels (K loss was bloked by TEA and reduced in tigerkl mutant) (Demidchilet al., 2010).
However, both TEA pretreatment and GORK1 mutation hasigmificanteffect on the roetip K*
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efflux under excess Fe (Fig. 4). Persistent lack of certainty around which molecular candidates are
coding for NSCCs, and the lack of clear phenotypes in-dbfsnction mutants, present a
significant challenge in studies of NSCCs and in attempts to relate their function mechanistically to
a number of physiological phenomena (Kronzucker &t8riR011; Pottosir& Dobrovinskaya,
2014). Pharmacological NSCC blockers, suchGaf', which tend to display broadspectrum
inhibition (Kronzucker & Britto, 2011), are, however, widely used in studies on NSfoCs
example Zepeddazo et al. (2011) suggsted that copperascorbaténduced K efflux
from pearoots is mediated by NSCCs, by usiegidence derived fronGd®*. Here, alarge
contribution of NSCGs is suggested by the fact that ¥5ccaused ac. 60% inhibition of
excessFe-induced K efflux (Fig. 4a,b), and gplication ofGd®™ could mildly alleviatehe decrease
in the rate of roogirowthunder Fe toxicitfFig. S5a). Furthermore, our present, and previous, data
showsuppressionof root growth under excess Fe can be significantly alleviatécbyition (Li et
al., 2016 Fig. S69, andK™ additioncan lead tchigher tissue K levelgFig. $5c), supporting the
importance of the role of Kretentionin tolerance to exces®

In contrast'to the study of NO's roles in the response to Fe limitation, the possiblef fdf@ in
regulating root.growth under Fe surplus have not been investigated. In this stddynorestratéhat
root growth effects.under Fe excess are mediated, at least in part, by NO accur(filzgién 6).To
cope with “Fe““deficiency, plants must ensure effective Fe acquisition from the
rhizosphere. Iromeficiencyinduced NO can trigger the expression ofhe FIT gene which
regulates the expression BRO2 andIRT, to increase the uptake of iro@Henet al., 201Q. By
contrast, underexcessFe conditions, restrictionof excessive Fe absorption can prevent more
serious Fe toxicityBecker & Asch, 200p and theexpression of théRT1 geneis significantly
inhibited at high iron concentratian(Giehl et al., 2012).The function of NOin promotingiron
uptakeis usefulin the acclimatiorto Fe deficiency butseems to nobe conducive toimproving
responseso excesd-e conditionslt is, however,not known whether NGnay directly modulate
root Fe influxiand/or efflux under excess Fe, amate research is warranted to examine tBiber
metals, suchas=Gand Al, have beealso shown to produce oxidative stress and inhibit root growth
(Xiong et al., 2010); but, in contrast excesd-e stress, NO plays a positive role in Cu and Al toxicity
tolerance in_relation to root growth (Tiahal., 2007; Petet al., 2013; Liuet al., 2016;Fig. S10),
althoughNO plays_anegative role inAl tolerance insome plantssuch agice bean(Zhouet al.,
2012).Thus, it can be hypothesized that, depending on the biological context, NO exerts opposing
effects on root growth.-NAME (a NOS inhibitor) has beeneported to reduce satiduced NO
production inArabidopsis (Liu et al., 2015, and LNAME canreduce the inhibitory effect of salt
treatment on rootrgwth (Liuet al., 2015 Fig. S7h). Chenet al. (2010)demonstratethatNOS and
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the NOAL gene aranvolved in Fedeficiencyregulated NO generation the Arabidopsis rootip
zone and Fe-deficiencyinduced NO accumulationand gene expressiorwere significantly
suppressetly the NGB-4nhibitor L-NAME andby theNOAL mutation By contrast Touraineet al.
(2012)clearly showedthattreatment with ENAME or L-NMMA and the mutation inNOA1 do not
affect Fe-execessdependenNO productionin Arabidopsis. Our pesent datashowthatL-NAME or
L-NMME and themutation inNOA1 have nasignificanteffect onexcess~e-inhibitedroot growth
(Fig. S7a,c), supportinthe results offouraineet al. (2012).All the result€o date suggest théte
regulatorymeghanismainderpinningNO accumulation imArabidopsis are fundamentally different
in response td-e deficiencyas opposed tée excessNO productionfrom different source may
result in divergent effecs (Xiong et al., 2010) even in response to the same streS.
example, nitratereductase NR)- rather than NOSand other souremediated NO burstare
involved in the protectiomgainst Al toxicity in roots of whegqSunet al., 2014).At least seven
possible pathways of NO biosynthesis have been desanipéhts Guptaet al., 2011). Howevera
date, the mechanisms underlying the induction of NO biosynthesis under excess Fesin pléint
largely unknownFurther studiesn thepreciseorigin of excesd-e-induced NO in plant tissuese
warranted

The questiothen arises as to how fieduced NO accumulation leads to impaired resistance to Fe
exass.It’s suggested that NO can suppress root growth by reducing auxin in root tips under salt and
Cd stress (Liwet.al., 2015; Yuan & Huang, 2016). However, unlikeiassalt or Cd stress, the
DR5-indicative auxin level in the root tip was not reduced under excess Fe, althoughuasti@nd
inhibition of root growth were observed over the same treatment time. All these observations further
illustrate the ‘complexity andariation in NOmediated root development when responding to the
different environmental stresses. Alternatively, increasddS levels are also involved in
excessFe-inhibited primary root length (Rewt al., 2015)and are the stimulus to activate NSCCs,
resulting inK? loss from the cell (Pottosi& Dobrovinskaya, 2014Shabalaet al., 2016. In
agreement with thesobservations of Retydl. (2015), ExcessFeindeed increase®OSlevel in root
tips of bothCol=0-andnox1 seedlings(Fig. S12) however, te elevatedROSlevels innox1 did not
significantly differ-fromCol-0 in our study, suggesting thleOSincrease caused by Fe excess is not
the main reasen for impaired Fe resistance imtix¢. Meanwhile, it is important to recall that NO
can increase thabundance of ferritin proteins which store Fe to avoid oxidative stress (Astraduid
2006; Briatet al., 2010). However, Reygt al. (2015) had clearly demonstrated, using genetic
evidence, that ferritin is not involved in modulations of primary root growth under exeefke
work described in this articldurther shows that Fenduced NO accumulation involved in

Fe-dependent roetip-zone K homeostasis based on the pharmacological and genetic evidence.
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According to the literature, effects of NO mot K" homeostasis can vary greatly between conditions
and plant specie€henet al. (2013 showed thaBNP increases kcontent under exposure to salt in
Kandelia obovata. However, Xiaet al. (2014) found that SNP can mediate rodtiomeostasis by
negdively regulating root potassium uptake via suppressing the AKT1 geAeabdopsis. Cd
induces NO=but-has no effect Arabidopsisroot K™ status(BessorBardet al., 2009) These diverse
results on the relationships between NO anch#&meostasis mightebattributed to the impacts of
external stimalifen'NO content and different sources of NO production in plants.

Although the mechanism by which endogenous NO regulates root tffléx under excess Fe
remains to be_definedine hypothesis is that NO might influence ion channels in r&ads
pretreatmensignificantly decreased roetp K* efflux in thenox1 mutantunder both control and Fe
treatment(Fige7¢e.Ju Recently, it waseportedthat enhanced NO accumulation could indirectly, via
SNO1/S0%4, result’in a reduction of Kuptake in the root (Xiat al., 2014). Here, we provide
evidence that an increase $101/SOHA activity was observed in thexcess-e-treatedCol-0 and
nox1 seedlingsand thatthe induction was more significantmox1 (Fig. 9a). The SNO1/SO$4 gene
is alsoinvolved inroot growth and the regulation of reiip-zone K fluxesunder Fe toxicity(Fig.
9b—d).It is not.known at this time how tf@NO1/S0S4 gene engages to modulate ktiptK™ efflux.

Xia et al. (2014)demonstratethat increasedINO1/SOSA activity could trigger PLP accumulation
and that PP plays a critical role in regulating Anabidopsis root K" content PLP could stimulate
roottip K* efflux.under excess Fe. In our study,PPhretreatment enhanced exeEssnducedK”
efflux in the€ol“0"foot tip zone and aplication ofGd®* couldreverse thePLP-induced K efflux
under excess FeFig. 9e,). More detailedresearch is warranted to examine this in the future.
Interestingly,theré"Was neignificant alleviatiorof Feiinhibited root growthby K" addition innox1
andsnol/sos4/mutants, suggestirthat NOmight negatively regulate additional Klleviation of Fe
exaess.One hypothesis is thaveraccumulation dflO could reduceK™ uptake(Xia et al., 2014),
and this mightestrict the tissu&* concentration under*Kaddition.

Excess Ferand NO accumulation have been reported to trigger cell deaha(X2010; Baiet
al., 2012), although the mechanism for this is not understood. Excesmdbieed ROS
accumulation(Reytet al., 2015 Fig. S12), which could trigger oxidative damage and cell death
(Lin et al., 2012). In this study, theox1 mutant hadnore severe rodtp-cell mortality but similar
ROSaccumulatiorto Col-0 under Fe toxicityFig. S12), suggesting that NO may also be involved
in Feiinducedcell death Previous reports suggested that NO induoeltl death was related to
NO-mediated hormone imbalance and protemtrosylation Ku et al., 2010; Baiet al., 2012;Lin
et al., 2012). In additionK™ loss couldstimulate cell deatlin animals and irArabidopsis (Yu,
2003; Demidchiket al., 2010).Consistent with thisK™ deficiency significantly enhancedCol-0
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rootdip-zone TB-stainingindicated cell death under Fe toxicity in our studyg( 5d). More
research is warranted to examine this.

Ethyleneis regarded as a stress hormarel can be induced by a variety of stresses to protect
growth, such as under salt stress (Jiangl., 2013), but ethylene accumulation in mstressed
environments -cansinhibit root growtki@. 109 partly associated with induced hormonal imbalance
(e.g. auxin, jasmonates, aaldscisic acid (ABA)) (Adamé& Turner, 2010Straderet al., 2010; Ma
et al., 2019. Ethylene"has been shownplay rolesin the tolerance of primary root growtth excess
Fe (Peng & Yamauchi, 1993; Et al., 2015b; Fig10), although specific mechanisms of this have
remained unclear. Here, we suggest that one possible mechanism of ethylene induces tolerance in
primary root growth inCol-0 partly through NO mediation. The findings are also consistent with
previous reportstshowing that ethylene regulates NO levels in plants ¢Salng2011; Liuet al.,

2017). Interestingly, treatment with the NO donor SNP could stimula#®&G8é gene expression in
the root undeFeexeess, suggesting ethylene production can respond to NO levels ursleese
Supportive of this are the findings by Gniazdowskal. (2007) and Liuet al. (2017), that SNP
upregulates the activities of ethylene biosynthesis enzymes.

In concluson,.NO'levels in root tips are increased significantly above levels elsewhere in the root
and are involved.in arresting the primary root tip zone gramtterexcess Fe. Thieée-inhibited root
growth is atleastin part related to Ni@luced K’ loss, possibly vilNSCCs Meanwhile, excess Fe
also affectscell viability likely via ROS accumulatiorand NO-induced hormone imbalance and
protein S-nitrosylation, all of which affect root growtithese modulations in hormone and K
homeostasis might regulate growdte to reduce the interceptive surface of the root system to excess
Fe. Meanwhile, ethylene can partially antagonize the reduction in elxe@ssdiated primary root
growth by controlling NO levels. These compensatory effects of ethylene may prevetuabsivae
decline in root growth and maintain the absorption of other nutrients (He@l&win, 2002). In
addition, the root hair zone is more tolerant tekeess and can sequestrate more Fe in the vacuole,
cell wall, andrby components to avoid depositaf excessive Fe in susceptible tissues (such as the
root tip zone)=Further research into the interplayoaf homeostasis and NO will enable a fuller

understanding-ef:-how plants respond to Fe toxicity by regulating hormonal and ion signaling.
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Fig. S1Schematic diagram of the experimental setup for applying excess Fe to the zooet
Fig. S2Effects-of-excess Fe on root Fe staining (Perls staining) in control and imgseddiated
with excess Fe.

Fig. S3Effects oflocalized low-K supply on root growth ofrabidopsis.

Fig. S4Effects of excess Fe on retyp-zone NaCa anl Mg level inArabidopsis.

Fig. S5Effects.of Gd" on the Feinhibited root growttand effects of excess Fe on the root growth
of gorkl mutants.

Fig. S6 Effects of theK” on the root growthnet plasmamembrane Kfluxes K content and cell
viability in the root'tip zoneinder Fe excess.

Fig. S7Effects of LNAME and L-NMME on primary root growth ofrabidopsis.

Fig. S8Effects of excess Fe on primary root growtiArabidopsis Col-0 andgsnor1 mutant.

Fig. 0 Effects of Fecitrate and Kcitrate on primary root growth iArabidopsis Col-0 andnox1
mutant.

Fig. S10Effects of Cu stress on root growth@dl-0 andnox1.

Fig. S11 Effects'of‘auxin on excess feediated primary root growth inhibition Arabidopsis.

Fig. S12 Effects.ef excess Fe on the productmhROS in roots of Arabidopsis Col-0 and nox1
plants.

Fig. S13 Effects of NO on net plasmaembrane K fluxes in the root tip zoneainder control
conditions.

Fig. S14Effects Gdf on theNO level ofCol-0 root tip zone

Fig. S5 Effects of excess Fe onetltell death o€ol-0 andnoxl root tip zone.

Fig. S16Effects of the NO on Kalleviation of primary root growth inhibition under excess Fe.
Fig. S17Effects of excess Fe on activity BBS GUSin Arabidopsisroot tissue.

Fig. S18Effectssofithe NO donor SNP on the activityAACS7: GUSin Arabidopsis root tissue.
Table S1Genetie-oci of thé\rabidopsis thaliana mutants used in this study

Please note: Wiley Blackwell are not responsible for the content or furityicsfaany supporting
information supped by the authors. Any queries (other than missing material) should be directed to
the New Phytologist Central Office.

Fig. 1 Effects of exces&on (Fe) on primary root growth imArabidopsis thaliana (Col-0). (a)
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Primary root growth of &l-old Col-0 exposed to serial concentrations ofEBTA for 5 d. (b) Root
growth rate as a function of time after treatment., Cttrol, 50 uM Fe; +Fe, excess Fe, 300 uM

Fe. €) The effect of locally supplied Fe on root growth rate as a function of timetefatment.
Values shown are means + SBDX 14). Asterisks indicate statistical differences between control
(Ctrl) and excesBe treatment (+Fe) (independent sampliest P < 0.05).

Fig. 2 Effects of excessron (Fe on root Fe andpotassium (K)homeostasis in control and
excess-etreatedArabidopsis thaliana (Col-0) seedlings. (a) Distance from the root apex to the first
root hair of the primary root. Photographs show representative seedlings treated flaicR dridws
indicate the pesition of the first root hair. ([f)e quantification of dtance from the root apex to the
first root hair Asterisk denotestatistical gnificance {ndependent samplegest,n = 20-21, P <
0.05) (c) Fe accumulation and distribution in primary ro&ise-day-old Col-0 seedlings exposed
to excess Fe for 3:deforePerlstliaminobenzidine@AB) staining. (d) Effect oexcess Fe onK
staning in the Arabidopsis root hair zone and tip zoné&ive-day-old Col-0 seedlingsexposed to
excess Fe for.3 deforestain with K indicator (Asante Potassium Gre2nAPG-2). (e) The mean
relative APG2.fluorescence intensity in the root (iRT) and roo® hair zone (RHZ) of control and
excesg-etreated sedlings. The fluorescence intensity of control tgoand hair zongvas set to 1
Asterisk denotestatistical significanc€independent samplédest n = 12 P < 0.05. (f) Effect of
Fe excess on Kontent in the root tip zon€ive-day-old Col-0 seedlings were transferred for 3 d to
control or excess Heeforeharvesting root tipgc. 1-2mm) for ICP-MS measurements of Kdlues
shown are the means + SDthree replicates, each with three biologreplicates ot. 100 root tips

each asterisk denotestatistical significanceBars: (a) 500 um; (¢, d) 100 um.

Fig. 3Influence of excess Fe on net plasma membrarfeukesof Arabidopsisthaliana (Col-0). (a)
Net K* fluxes'measured from trepidernal root cells in the root apicat.(500 pm from the tip)
transition zone and root hait. 3000 um from the tip) zones of Col-0 seedlings in response to 300
uM Fe treatment=(indicated by the arrow). (b) Mean values of K" fluxes from (a) Asteriskdenotes
statistical signifieanc@ndependent samplégest P < 0.05. (c) The effect of locally supplied Fe on
net K fluxes.insthe root tip zonéndicated by the arrow)d) Mean values of Kfluxes from (c)
Asterisk denotestatistical significanc¢indepenlent samplestest, P < 0.05 ns, nonsignificant

Values shown are the means = $D>>(3). Whole +Fe the whole seedlings supplied excess Fe

Fig. 4 The effect of excess Fe on net plasmambrane K efflux in the root tip zone of
Arabidopsis thaliana Col-0 with or withouttetraethylammoniunfTEA), Gd&** pretreatment, and in
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the gorkl mutant. (a) Effect of TEAL10 mM) and G&' (50 uM) pretreatment on net ‘Kfluxes
measured from the epidermal root cells in @a-0 root apical zone in response to 300 uM Fe

treatment (indicated by the arrow). (b) Mean values 6ffldxes from (a) Asterisk denotes
statistical significancéindependent samplegest n> 3, P < 0.05 ns, nonsignificant (c) The net
K* fluxes measured from the epidermal root cells inwhssilewskija (WS) andgorkl root apical
zone in responSe to 300 uM Fe treatment (indicated by the arrow). (d) Mean values of Kuxes
from (c). Asteriskdenotesstatistical significancéndependent sampldgest n= 8,P < 0.05 ns,

nonsignificant) Values shown are the means + SD.

Fig. 5 Effects of excess Fe on the production of nitkade (NO) in roots ofArabidopsis thaliana

Col-0 plants. 5d-old.Col-0 seedlingexposed to excess Fe for 2 d. (a) The endogenous NO level in
roottip zoneand root hair zonavas monitored by labeling NO using the N@ecific fluorescent
probe DAFFM DAand imaged byepifluorescence microscopfgars, 100 pm. (b) The mean
relative DARFM fluorescence intensity in the root (IRT) and root hair zone (RHZ) of control and
excesg-etreated sedlings. The fluorescence intensity of control nitzonewas séto 1. Values
shown are the.means + SD= 15). Different letters represent means that are statistically different at
the 0.05 level (one-way ANOVA with Duncan post hoc teSt)l, control (50 uM Fe); +Fe excess

Fe (300 puMIFe)"

Fig. 6 Effects ofnitric oxide (NO)on excess Fenediated primary root growth iArabidopsis
thaliana. (@) Effect of NO scavenger
2-(4-carboxyphenyl)-4,4,5,fetramethylimidazolind -oxyl-3-oxide ¢PTIO) (100 uM) on primary

root growth ofCol-0 seedlings grown in control (Ctrénd 300 uM Fe (+Fe) medium. Five-day-old
Col-0 seedlings exposed to excess Fe for 5 d. (b) Distance from the root apex to the first ajot hai
the primary root. Asteriskndicate statistical differences between the mock and treatmest und
excess Fe (independent samphesst P < 0.09. (c) Effect of the NO donasodium nitroprusside
(SNP)(15 uMyen=primary root growth of th€ol-0 seedlingsFive-day-old Col-0 exposed to excess

Fe for 3 d. (d)-Effect of excess Fe on primary root grow@olr0 and tle NO-overproduction mutant
nox1. Col-0 andnox1 seedlings exposed to excess Fe for 5 d. (e) The effect of locally supplied Fe on
root growth of'theCol-0 andnox1. Col-0 andnox1 seedlings exposed to excess Fe for 3 d. (f)
Distance from the root apex tcetfirst root hair of the primary root. Values shown are the means + SD
(n> 10). Different letters represent means that are statistically different at the 0.05 levelajpne
ANOVA with Duncan post hoc test).
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Fig. 7 Effects of nitric oxide (NO)on excess Fenediated net plasmmembrane K fluxes in the
Arabidopsis thaliana roct tip zone. (@) Effect of
2-(4-carboxyphenyl)-4,4,5,%etramethylimidazolind -oxyl-3-oxide ¢PTIO) (100 uM) andsodium
nitroprusside (SNP)15 uM) pretreatment on net'Kluxes from epidermal root cells in th@ol-0
root apical zonesinresponse to 300 uM Fe (indicated by the arrow). (b) Mean values oOffliixes
from (a) Asterisk denotesstatistical significancén > 3, independent samplegest P < 0.05. (c)
Effects of excess Fe"on net Kuxes at the root apical transition zone of ®a-0 and thenoxl
mutant. (d) Mean values of'Kluxes from (c) Asterisk denotesstatistical significance(e) Effect of
Gd** (50 uM) pretreatment on net'Kluxes flom epidermal root cells in th®x1 root apical zone in
response to 300 uM Fe. (f) Mean values of K' fluxes from €). Asterisks denotestatistical

significance(n® 37 independent samplégest P < 0.05) Values shown are the means + SD.

Fig. 8 Effect of excess Fe on Asante Potassium GEB@&PG-2) staining in théArabidopsisthaliana
Col-0 andnox1 roct tip zone.Five-day-old seedlingsexposed to excess Fe for deforestaining
with a K’ indicator (APG2). Bar, 100 um. The quantification of samples is shown in the images,
and he fluorescence intensity Gbl-0 control roottip zonewas set to JAsterisks denotestatistical
significancecampared withCol-0 control (independent samplégest P<0.05). Values shown are
the means'z SDn(=10-12).

Fig. 9 Effects'of SNO1/SOS4 on theAeediated root growth and net plasmambrane Kfluxes in
theArabidopsisthalianaroot tip zone. (a) Enzyme activity of SNO1/SOS£€oh-0 andnox1 roots in
response to sodium nitroprusside (SNP) uM) and excess Fe (300 uM). Sevenday-old seedlings
exposed to excess Fe for 3Different letters represent means that are statistically different at the
0.05 level (onavay ANOVA with Duncan post hoc test)b) Effect of excess Fe gorimary root
growth in theCol-0 and thesnol/sos4 mutant.Five-day-old seedlings exposed to excess Fe for 5 d.
Different letters represent means that are statistically different at the 0.05 levalgpreNOVA
with Duncan pest-hoc tesf) = 10). (c) Effects of excesBe (indicated by the arrow) on net fluxes

at the root apieal-transition zone ©6l-0 andsnol/sos4 mutant seedlings. (d) Mean values of K
fluxes from (c)Asteriskdenotesstatistical significancén > 3, independent samplédest P < 0.09.

(e) Effect of pyfidexal5'-phosphate (PLP)100 pM) and PLP plus Gd** (50 uM) pretreatment on
net K fluxes from epidermal root cells in th@ol-0 root apical zone in response to 300 pM Fe
(indicated by the arm). (f) Mean values of Kfluxesunder excess Fieom (e). Asterisk denotes
statistical significancén > 4, independent sampldstest P < 0.05; ns, nonsignificarfftAuthor,

please confirm inserted text ‘ns, nonsignificant’ is correc)] Values shown are the means £ SD.
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Fig. 10 Effects of ethylene on Feediated root growthnitric oxide (NO)production, and net
plasmamembrane Kfluxes in theArabidopsis thaliana roottip zone. (a) Activity ofAtACS7:GUS

(ACC synthasgACS) in Arabidopsisroot tissueFive-day-old seedlings exposed to excess Fe for 2 d.
One representative sample from each treatr{sawen plants) is shown. (b) Effect of the ethylene
inhibitor aminoethoxyvinylglycine AVG) (0.75 uM) on primary root growth of Col-0 seedlings

grown in control"and“Fe treatment mediave-day-old seedlings exposed to excess Fe for 3 d. (c)
Effect of execess Fe on primampot growth inCol-0 seedlings and the ethylepgerproducing
mutanteto2-1. (d) Effect of the ethylene inhibitor AV®.75 uM) on NO production in the root tip
zone.Five-day-old_seedlings exposed to excess Fe for 2 d. One representative sample from each
treatmentf =414415) is shown, anche fluorescence intensity of contrabck roottip zonewas set

to 1 (e) Effects of excess Fe on the production of NO in rootarabidopsis Col-0 andeto2-1
plants.Five-day-old seedlings exposed to excess Fe for 2 d. One representative sample from each
treatmentif = 11-12) is shown, ande fluorescence intensity Gbl-0 roottip zonewas set to 1(f)

Effect of AVG(0.75 pM) pretreatment on net K* fluxes from epidermal root cells in the root apical

zone in response.t0300 uM Fe (indicated by the arrow). (g) Mean values of Kfluxes from ).

Asterisk denotesstatistical significancéndependent samplégest P < 0.05. Values shown are the
means + SD(>3). Different letters represent means statistically different at the 0.05 level (one-way

ANOVA with Dunean post hoc testLtrl, control (50 uM Fe); +Fe excess F€300 uM Fe). Bars

100 pm.

Fig. 11 A proposed model for nitric oxide (N@yediatedArabidopsisthaliana primary roottip-zone
growth inArabidopsis underiron (F€) excessNO levels in root tips are increased significantly above
levels elsewhere in the root and are involved in arrggtie primary rootip-zone growthunder
excess Fe. N@nediated inhibition of root growth is at least in part related teilfdDced K’ loss,via
nonselective ication' channels (NSCCadincreasedSNOL (sensitive to nitric oxide 1)/SOA (salt
overly sensitivesd)=activity-mediatedpyridoxal-5’phosphate (PLP)s further implicated in this
processNO alse-mediate& ™ homeostasidy negatively regulating<” uptake The significant K
loss can resulisin the loss of cell turgor (and, hence, arrest root giavdleither programmed cell
death (PCD) ‘or,necrosis in the root apex. Meanwhile, excess Fe also rediicembility,
associated withieactive oxygen species (RO&cumulatiorand NO-induced hormone imbalance
and proteinS-nitrosylation.ROS has also bee reportedto activate NSCCsgesulting inK™ loss
from the cell. FurthermoreFeinduced ethylene can partially antagonize the reduction in
excesg-emediated primary root growth by controling NO levelSORK1, guard cell
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outwardrectifying K* channel 1.
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