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Summary

e The root tip zone is regarded as the principal action site for iron (Fe) toxicity and is more
sensitive than other root zones, but the mechanism underpinning this remains largely
unknown.

e We explored the mechanism underpinning the higher sensitivity at the Arabidopsis root tip
and elucidated the role of nitric oxide (NO) using NO-related mutants and pharmacological
methods.

e Higher Fe sensitivity of the root tip is associated with reduced potassium (K*) retention. NO
in root tips is increased significantly above levels elsewhere in the root and is involved in the
arrest of primary root tip zone growth under excess Fe, at least in part related to NO-induced
K* loss via SNO1 (sensitive to nitric oxide 1)/SOS4 (salt overly sensitive 4) and reduced root
tip zone cell viability. Moreover, ethylene can antagonize excess Fe-inhibited root growth and
K* efflux, in part by the control of root tip NO levels.

e We conclude that excess Fe attenuates root growth by effecting an increase in root tip zone
NO, and that this attenuation is related to NO-mediated alterations in K* homeostasis, partly

Key words: Arabidopsis, Fe excess, K*
efflux, K* homeostasis, nitric oxide, primary
root growth, root tip zone, SNO7/5054.

via SNO1/5054.

Introduction

Iron (Fe) is an essential element, but is also 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 soil containing excess Fe exhibit vis-
ible symptoms of toxicity, including biomass reduction, root
growth inhibition, Fe plaques in roots, leaf bronzing and necro-
sis. Although physiological and molecular responses to Fe defi-
ciency have been well documented, plant responses to Fe toxicity
and Fe toxicity-related mechanisms have received less attention.
The root is the first organ to sense excess Fe, and Fe toxicity
plays a direct role in the modulation of root system architecture
(Li eral., 2016b; Onaga eral., 2016). A rapid response of root
tips to their changing surroundings is crucial if root development
is to proceed under adverse soil conditions. Recent studies have
shown that the root tip is more sensitive than other root zones to
Fe, but the mechanisms underpinning this are stll largely
unknown (Zhang eral., 2011, 2012; Li ez al., 2015a,b). The elu-
cidation of the mechanisms of how root tips respond to Fe toxic-
ity will greatly help to improve our understanding of the
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adaptation and acclimation of root system architecture to metal
stresses.

Plant hormones and other molecules are important intermedi-
ary signaling compounds that function downstream of environ-
mental stimuli. Several messenger molecules, such as ethylene
and reactive oxygen species (ROS), are involved in the mediation
of Fe excess-dependent changes in root growth. Fe excess can
increase H,O, production in the tip zone and arrest primary root
growth (Reyt eral, 2015). Meanwhile, ethylene evolution
is enhanced by the upregulation of the expression of
1-aminocyclopropane-1-carboxylic acid synthase (ACS) genes in
the root tip and can protect root growth under Fe toxicity (Li
et al., 2015b). Recent research has unveiled NO as a critical com-
ponent in plant acclimation responses to a variety of stresses, such
as cadmium (Cd), copper (Cu) and aluminum (Al) stress (Neill
etal., 2003; Crawford & Guo, 2005; Tian eral, 2007; Peto
etal., 2013; Alemayehu etal, 2015). Under Fe scarcity, NO
increases in the root and can affect Fe uptake from the culture
environment (Pagnussat eral, 2002; Graziano & Lamattina,
2007). Similarly, NO production has been reported to increase
under Fe overload (Arnaud ezal, 2006; Touraine etal, 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 Fe toxicity
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response in plant development, and especially not in relation to
primary root growth.

A number of studies have shown that intracellular potassium
(K") participates in many defense-related processes, and that vari-
ous abiotic and biotic stresses induce K efflux from root cells
(Demidchik et al, 2003, 2010). In most cases, this K" efflux is
mediated by K'-selective channels, nonselective cation channels
(NSCCs) and annexins (reviewed in Demidchik, 2014). The
guard cell outward-rectifying K* channel (GORK) GORKI is
well known to conduct large outwardly directed K* currents from
root cells in response to copper ascorbate and/or NaCl, and
NaCl-activated K" efflux from roots is significantly decreased in
the gorkl-1 mutant (Demidchik ez al, 2010; Demidchik, 2014).
NSCCs belong to a variety, and as yet to be solidly identified,
gene families (e.g. cyclic nucleotide-gated channel (CNGC) gene
families contain 20 genes in Arabidopsis, glutamate receptor
(GLR) gene families contain 20 genes in Arabidopsis) forming a
group with a cryptic molecular identity and diverse functional
characteristics (Demidchik & Maathuis, 2007; Kronzucker &
Britto, 2011). The big challenge in studies of plasma membrane-
resident NSCC:s is the persistent lack of knowledge of the encod-
ing genes and the fact that single loss-of-function mutations do
not result in clear phenotypes (Pottosin & Dobrovinskaya,
2014). Under Fe toxicity, a significant loss of plant tissue K" level
has been noted (Li ezal., 2001, 2015b, 2016a), but the morpho-
logical and physiological mechanisms of root K" homeostasis
under Fe excess have not been identified. A recent study showed
that ethylene can maintain root K" status by regulating K* uptake
to support root growth under Fe toxicity (Li eral, 2015b). In
addition, the possibility that NO contributes to modulate K*
accumulation by plants has been advanced recently (Simontacchi
etal., 2015). The SNOI (sensitive to nitric oxide 1)/SOS4 (salt
overly sensitive 4) gene encoding a pyridoxal kinase has been iden-
tified recently to play a critical role in NO-mediated root K*
homeostasis (Shi et al., 2002; Xia etal., 2014). Xia etal. (2014)
demonstrated that enhanced NO increases the accumulation of
pyridoxal-5'-phosphate (PLP), which, in turn, represses K*
uptake in Arabidopsis roots, and NO-triggered PLP accumulation
mainly occurs through NO-induced SNO1/SOS4 enzyme activ-
ity. Although ethylene and NO signals have been implicated as
important for root K* homeostasis, it remains largely unknown
how ethylene and NO are involved in the response of root K*
homeostasis to excess Fe.

In this study, we employed Arabidopsis Columbia-0 (Col-0)
and NO- and ethylene-related mutants to explore the possible
mechanism underpinning the higher sensitivity to Fe toxicity of
the root tip zone, and to elucidate the roles of NO and ethylene.
The potential mechanisms involved in the stress response to
excess Fe are discussed.

Materials and Methods

Plant materials and growth conditions

Seedlings of the following lines were used in this study:

Arabidopsis thaliana (L.) Heynh. ecotype Columbia-0 (Col-0); the
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mutants  noxI (nitric  oxide overproducerl),  gsnorl (S
nitrosoglutathione (GSNO) reductasel), snol/sos4, noal (NO
Associatedl), pin2-1, pin3-5, tirl-1, pinl-1, axr2-1, axr3-3 (Ara-
bidopsis Biological Resource Center, Supporting Information
Table S1) and ezw2-1, and the EIN3 binding site (EBS):b-
Glucuronidase (GUS), Direct Repeat 5 (DR5):GUS, ACS7:GUS
and DR5:Green Fluorescent Protein (GFP) transgenic lines, were
in a Col-0 background; the gorkl mutant was in a Wassilewskija
(WS) background. Seeds were surface sterilized and cold treated
at 4°C for 48 h before being sown on standard growth medium.
The standard growth medium has been described previously (Li
etal, 2013), and was as follows: 2mM KH,PO4 5mM
NaNO;, 2mM MgSOy4, 1 mM CaCl,, 50 uM Fe-EDTA,
50 uM H;BOj, 12 uM MnSOy, 1 uM ZnCl,, 1 uM CuSOy,
0.2 uM Na,MoOy, 1% sucrose, 0.5 g/l MES and 0.8% agar (ad-
justed to pH 5.7 with 1 M NaOH). The day of sowing was con-
sidered as day 0. Seedlings were grown vertically on the surface of
the culture plates in a growth chamber set to a 16h:8h,
light : dark photoperiod, an irradiance of 100 pmol m™*s ™' and
a temperature of 23 & 1°C. Excess Fe was supplied as Fe-EDTA
(FeSO4-7H,0 plus EDTA, 1: 1 molar ratio). The pH was set to
5.3 based on our previous report (Li ezal., 2015b). To study the
effect of exogenous 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimi-
dazoline-1-oxyl-3-oxide (cPTIO), sodium nitroprusside (SNP),
aminoethoxyvinylglycine (AVG), NG-nitro-L-arginine methyl
ester (L-NAME), NG-monomethyl-L-arginine (L-NMME),
tetracthylammonium (TEA), Gd** and K* (supplied as K»,SOy),
seedlings were supplemented with varying concentrations of
Fe-EDTA plus the indicated concentrations of the added com-
pounds. All chemicals were obtained from Sigma-Aldrich.

Localized Fe supply experiments

Localized excess Fe treatments are shown in Fig. S1, as described
in our previous report (Li ezal, 2015a). Briefly, for ‘root tip-
supplied’ plants, segmented agar plates were separated into upper
and lower parts with a 3-mm air gap, using movable glass strips,
3 mm in width. Growth medium was poured into the upper part,
the excess Fe-EDTA medium was poured into the bottom part,
and only the primary root tip of the seedlings (¢. 2 mm) was in
contact with the excess Fe-EDTA medium. For ‘root hair zone-
supplied Fe’ plants, growth medium was poured into the bottom
part, excess Fe-EDTA medium was poured into the upper part,
and only the shoot and primary root hair zone of the seedlings
were in contact with the excess Fe-EDTA medium. Treatment
was for the times indicated.

Root measurements

Roots on the agar surface were sampled. The lengths of the pri-
mary roots of individual seedlings were measured directly with
IMAGE] software (National Institutes of Health; http://rsb.info.
nih.gov/ij) from digital images captured with a Canon G7 cam-
era. Primary root elongation was defined as the length of the root
parts newly grown after treatment. Measurements were made of
the length from the root cap to the first root hair.

© 2018 The Authors
New Phytologist © 2018 New Phytologist Trust


http://rsb.info.nih.gov/ij
http://rsb.info.nih.gov/ij

New
Phytologist

Microscopy and image and mineral analysis

The Fe-specific Petls staining and diaminobenzidine (DAB) inten-
sification were adapted from Roschzttardez ez 4l (2009). Localiza-
tion of Fe was observed and imaged using an Olympus BX51
microscope equipped with differential interference contrast (DIC)
optics and an Olympus DP71 camera. Histochemical analysis of
GUS reporter enzyme activity was performed as described else-
where (Weigel & Glazebrook, 2002). Trypan blue (TB) staining
was used to assess the level of cell death in the root tips under
excess Fe according to the method of Duan eral. (2010) with
some modifications. The DR5:GFP reporter was analyzed using a
Zeiss LSM710 confocal microscope, and image analysis was per-
formed using ZEiss 2009 software (Carl Zeiss AG, Jena, Ger-
many). NO and ROS were visualized using the NO-specific
fluorescent  probe  3-amino,4-aminomethyl-2’,7'-difluorescein,
diacetate (5 M) and the ROS fluorescent probe 5-(and-6)-
chloromethyl-2',7'-dichlorodihydrofluorescein ~ diacetate, acetyl
ester (25 uM), respectively, according to the method of Wang
et al. (2014) with some modifications. Asante Potassium Green-2
(APG-2; TEFLabs, Austin, TX, USA) and CoroNa Green ace-
toxymethyl (AM) ester (Invitrogen, Eugene, OR, USA) were
employed to measure K* and Na" concentrations according to
Wang eral. (2016); 20 uM APG-2 and CoroNa Green were
added to measuring buffers, respectively (K*: 5 mM NaCl, 5 mM
Ca®*-MES, pH 6.1; Na": 10 mM KCl, 5 mM Ca**-MES, pH 6.1)
and incubated with the Arabidopsis seedlings for 3 h in the dark at
room temperature. The fluorescence intensity of NO, APG-2,
CoroNa Green and ROS was determined by calculating the rela-
tive contribution of the green channel using the values of the RGB
color model as measured in PHOTOSHOP 7.0 (Adobe Systems Inc.,
San Jose, CA, USA), according to Teerawanichpan ezal. (2007).
All staining and image analysis procedures were repeated at least
twice, and the results shown are from one of two representative
experiments. For mineral analyses, samples were obtained from
root tip sections (¢. 1-2mm) from both control and excess Fe
treatments. The samples (0.5-1.0 mg) were digested with 0.25 ml
of concentrated HNOj3 at 110°C for 2 h according to Ward ez al.
(2008) and analyzed on an Inductively Coupled Plasma Mass
Spectrometry (Agilent, Santa Clara, CA, USA).

Enzyme activity analyses of SNO1/5054

The activity of SNO1/SOS4 was measured using a colorimet-
ric procedure, according to the protocols described by Xia
eral. (2014). Briefly, 0.5 ml of crude extract (containing 1—
7mg of total protein) was used in a buffer containing
0.2 mM pyridoxal, 0.2 mM ATP, 0.1 mM ZnCl, and 70 mM
K5POy4. After 1h of incubation at 37°C, reactions were
stopped by the addition of 50mL of chilled 50%
trichloroacetic acid (TCA) (w/v). Protein was pelleted by cen-
trifugation (1500 g0 at 4°C for 10 min, and the supernatant
was transferred to a clean tube. After the addition of 2%
phenylhydrazine (in 10 N H,SO4) and incubation on ice for
30 min, PLP formation was
absorbance at 410nm. Each reaction was repeated three
times.

measured based on the

© 2018 The Authors
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Measurement of net K* flux with the SIET system

Net fluxes of K* were measured from the root apical (¢. 500 pm
from the tip of Co/-0 roots) transition zone and the root hair (c.
3000 pm from the tip of Col-0 roots) zone non-invasively using
SIET (scanning ion-selective electrode technique, SIET system
BIO-003A; Younger USA Science and Technology Corp.; Appli-
cable Electronics Inc.; Science Wares Inc., Falmouth, MA, USA).
The principle of this method and the instrument are detailed in
Li eral (2010) and Shabala eral (2016). Arabidopsis seedlings
were grown in a Petri dish for 7 d. For pretreatments, plants were
pretreated with mock solution plus the indicated concentrations
of cPTIO, SNP, TEA, Gd**, AVG, PLP and K* for 2 h. After
the specified pretreatment duration, the pretreatment solution
was withdrawn and the measuring solution was introduced. Net
ion fluxes were first measured in the basal medium to ensure
steady initial values, and then 10 mM stock solution of Fe-EDTA
was applied to reach a final Fe concentration of 300 pM. Tran-
sient recordings of the flux kinetics of K" were measured for spec-
ified times. All measurements of net K* fluxes were carried out at

Xuyue Science and Technology Co. Ltd. (Beijing, China).

Statistical and graphical analyses

For all experiments, data were statistically analyzed using the Spss
13.0 program (SPSS, Chicago, IL, USA). Details are as presented
in the figure legends. Graphs were produced using ORIGIN 8.0.
All graphs and images were prepared using Adobe PHOTOSHOP
7.0 (Adobe Systems Inc.).

Results

The root tip is the critical site in the arrest of Arabidopsis
primary root growth under Fe toxicity

To analyze the effect of Fe toxicity on primary root growth,
Arabidopsis seedlings were allowed to come into contact with
varying concentrations of Fe-EDTA. Based on our previous
report (Li etal, 2015b), 50 uM Fe was used as a control.
Increased Fe concentrations significantly inhibited primary root
growth (Fig. 1a). Primary root growth was also quantified at 1, 2
and 3d after transfer. Exposure of the seedlings to excess Fe
(300 pM) resulted in an immediate arrest of root growth at the
indicated time (Fig. 1b). Further results showed that Fe excess-
induced root growth inhibition required that the root tip was in
direct contact with external Fe (Figs S1, 1c), and the distance
from the root apex to the emergence of the first root hair under
Fe toxicity was reduced to ¢. 50% of that in controls (Fig. 2a,b).
These results suggest that root apical tissues are more sensitive to
excess Fe and are immediately growth arrested on excess Fe
treatment.

To investigate whether the higher sensitivity of the root apex is
associated with higher Fe accumulation than in the root hair
zone, we used a sensitized, Fe-specific, histochemical procedure
(Perls/DAB staining) that reports labile (nonheme) Fe** and
some Fe** (Meguro etal., 2007; Muller eral, 2015). Under

New Phytologist (2018) 219: 259-274
www.newphytologist.com



262 Research

excess Fe, the intensity of Perls/DAB was much deeper in the root
hair zone compared with the tip zone (Fig. 2c). The phenomenon
was also observed by the Perls method (no DAB enhancement)
(Fig. S2). Thus, the arrest of root growth on exposure of the root
tip to excess Fe (Figs I¢, 2a,b) may not be explained by a higher
accumulation of Fe in the root tip.

Higher sensitivity of the root tip zone to Fe may be related
to impaired K™ homeostasis

K" has been reported to play a critical role in the regulation of
root development under Fe toxicity. We thus analyzed changes in
K" level in functionally different root zones (root hair zone and
tip zone). Imaging using the APG2 fluorescing dye revealed that
excess Fe led to a decline in the K" level of the root tip zone, but
no significant changes were observed in the root hair zone over
the times of treatment (Fig. 2d,e). Mineral analysis using ICP-
MS further showed a significant decrease in the root tip zone K*
content under excess Fe treatment (Fig. 2f). Analysis of root
growth revealed localized K" deficiency in the root tip, but not in
the root hair zone, enhancing the sensitivity of root growth to Fe
(Fig. S3). In addition, a slight decrease was found in root tip zone
sodium (Na) staining (Fig. S4a). However, localized Na* defi-
ciency in the root tip zone did not significantly enhance the sensi-
tivity of root growth to Fe toxicity (Fig. S4b). There was no
significant decrease in the root tip zone calcium (Ca) and magne-
sium (Mg) contents over the same time of excess Fe treatment
(Fig. S4¢).

To examine K" net fluxes at the root surface in response to
excess Fe in functionally different Co/-0 root zones, we used SIET
on Arabidopsis roots (Ludewig ez al., 2003). On excess Fe stimula-
tion, there was a significant efflux of intracellular K* in the tip
zone (Fig. 3a). By contrast, the root hair zone (¢. 3000 pm from
the tip of roots) showed no remarkable changes in SIET signals
under the same conditions. The mean K* efluxes under excess Fe
were significantly different between the two root zones (Fig. 3b).
As described above, Fe-inhibited root growth requires that the
root tip come into contact with external Fe (Fig. 1c). It was
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therefore important to ask whether K* fluxes at the root apex
may be changed by direct Fe contact. The addition of excess Fe
to the whole root or only the root tip resulted in a massive K*
efflux in the root tip zone, whereas the mean K* flux was similar
when the whole root or only the root tip zone was exposed to
excess Fe (Fig. 3c,d). When excess Fe was not supplied to the root
tip, there were no significant changes in SIET signals in the root
tip zone (Fig. 3¢,d).

K*-selective channels and NSCCs are documented to be
involved in K" efflux from roots (Coskun etal, 2010;
Kronzucker & Britto, 2011; Demidchik, 2014; Shabala ez al,
2016). To delineate between these channels, exogenous TEA, a
well-known inhibitor of K* channel activity (Coskun ez 4., 2010,
2013b), and Gd**, a known blocker of NSCCs (Kronzucker &
Britto, 2011), were applied to Arabidopsis seedlings. Compared
with the mock condition, Fe-induced K" efflux was similar in
TEA-pretreated seedlings. However, the Gd** application signifi-
cantly decreased the Fe-induced root tip K" efflux (Fig. 4a,b) and
mildly alleviated the decrease in the rate of root growth compared
with Fe treatment alone (Fig. S5a). The outwardly rectifying K*
channel GORKT is well known to conduct large K* effluxes in
response to Cu and Na (Demidchik ezal, 2010; Demidchik,
2014). However, mean K" effluxes in the root tip zone did not
show significant differences between the wild-type and the gork?!
mutant under excess Fe, and root growth was decreased in gork!
to a similar extent as in the wild-type (Figs 4c,d, S5b).

K" deficiency resulted in severe root growth inhibition, and
the root growth inhibition by excess Fe in Co/-0 was alleviated by
K* addition (Becker & Asch, 2005; Li ez al., 2015b; Fig. S6a). K*
addition led to increased tip zone K content, but did not affect
K" efflux at the root tip in response to excess Fe (Fig. S6b,c).

Excess Fe affects root tip zone growth through the
overaccumulation of NO

Fe overload stimulates NO accumulation (Arnaud et 4/, 2006).
Indeed, treatment with excess Fe resulted in the significant accu-
mulation of NO in Arabidopsis roots (Fig. 5a,b). However, this
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accumulation was more significant in the root tip zone (Fig. 5a,  the decrease in the rate of primary root growth and the root tip
b). zone size compared with Fe treatment alone (Fig. 6a,b). How-
To investigate the possible role of NO in Fe-induced inhibi-  ever, application of SNP to the root tip clearly enhanced the Fe-

tion of root growth, we first investigated the effects of cPTIO (a induced inhibition of root growth (Fig. 6¢). Infiltration with
widely used NO scavenger) and SNP (an NO donor) on root either L-NAME or L-NMME (inhibitors of animal NO synthase
growth under excess Fe. Application of cPTIO clearly reversed ~ (NOS) which is also effective in plant systems) did not
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fluxes from (a). Asterisk denotes statistical significance (independent samples t-test, n >3, P <0.05; ns, nonsignificant). (c) The net K* fluxes measured
from the epidermal root cells in the Wassilewskija (WS) and gork7 root apical zone in response to 300 pM Fe treatment (indicated by the arrow). (d) Mean
values of K* fluxes from (c). Asterisk denotes statistical significance (independent samples t-test, n =8, P <0.05; ns, nonsignificant). Values shown are the
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Fig. 5 Effects of excess iron (Fe) on the production of nitric oxide (NO) in roots of Arabidopsis thaliana Col-0 plants; 5-d-old Col-0 seedlings exposed to
excess Fe for 2 d. (a) The endogenous NO level in the root tip zone and root hair zone was monitored by labeling NO using the NO-specific fluorescent
probe 3-amino,4-aminomethyl-2’,7’-difluorescein, diacetate (DAF-FM DA) and imaged by epifluorescence microscopy. Bars, 100 pm. (b) The mean
relative DAF-FM DA fluorescence intensity in the root tip (RT) and root hair zone (RHZ) of control and excess Fe-treated seedlings. The fluorescence
intensity of the control root tip zone was set to 1. Values shown are the means + SD (n = 15). Different letters represent means that are statistically
significantly different at the 0.05 level (one-way ANOVA with Duncan post-hoc test). Ctrl, control (50 uM Fe); +Fe, excess Fe (300 uM Fe).

significantly modify Fe-induced inhibition of primary root
growth (Fig. S7a), whereas these compounds have been shown to
reduce the inhibitory effect of salt treatment on root growth (Liu
etal., 2015; Fig. S7b). Furthermore, the root growth of the noal
mutant, which exhibits reduced endogenous NO levels, was also
similar to Co/-0 under Fe excess (Fig. S7¢). This result supports
the previous finding that NOS inhibitors (L-NAME and L-
NMME) and the mutation in NOAI do not significantly affect
the excess Fe-induced NO production (Touraine ez /., 2012).

In agreement with pharmacological studies, exposure of the
NO overproduction mutants zoxI and gsnorl to excess Fe con-
centrations led to greater inhibition of root growth than in Co/-0
(Figs 6d, S8). To ascertain that the observed primary root pheno-
types were specifically caused by high Fe concentrations and not
by the organic chelate, similar experiments were performed using
Fe-citrate instead of Fe-EDTA (Fig.S9), and nox/ retained
higher sensitivity of root growth. The spatial response to Fe was
also compared between Co/-0 and nox1, and a difference in Fe-
inhibited root growth between the two genotypes was only found
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when the root tips were exposed to excess Fe (Fig. 6e). In agree-
ment with this, the size of the primary root tip zone was more
strongly reduced in 7oxI than in Co/-0 when Fe was supplied in a
localized manner to the root tip (Fig. 6f). Fe excess has been doc-
umented to be associated with enhanced throughput through
Fenton reactions. We also tested the response of nox! root
growth to excess Cu, which is also associated with Fenton reac-
tions. However, nox! displayed increased root growth tolerance
relative to Co/-0 under Cu excess (Fig. $10).

Auxin has been suggested to be involved in root growth under
several stresses (Giehl etal, 2012; Yuan etal, 2013), and thus
was examined here. Although the level of the DR5: GUS reporter
gene in the root apex of the wei7-2 mutant, in which auxin
biosynthesis is impaired (Yang eral, 2014), was markedly
reduced compared with that in Co/-0 (Fig. S11a,b), Fe had a sim-
ilar impact on root growth inhibition in both genotypes. Analysis
of the response of auxin transport and signaling mutants showed
that root growth was decreased in auxin transport mutants (pini-
1, pin3-5) and in signaling mutants (zirl-1, axr2-1, axr3-3) to a
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Fig. 6 Effects of nitric oxide (NO) on excess iron (Fe)-mediated primary root growth in Arabidopsis thaliana. (a) Effect of NO scavenger 2-(4-
carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO) (100 pM) on the primary root growth of Col-0 seedlings grown in control (Ctrl)
and 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 root hair of the
primary root. Asterisk indicates statistically significant difference between mock and treatment under excess Fe (independent samples t-test, P <0.05). (c)
Effect of the NO donor sodium nitroprusside (SNP) (15 pM) on the primary root growth of Col-0 seedlings. Five-day-old Col-0 exposed to excess Fe for

3 d. (d) Effect of excess Fe on the primary root growth of Co/-0 and the NO overproduction mutant nox7. Col-0 and nox17 seedlings exposed to excess Fe
for 5d. (e) Effect of locally supplied Fe on the root growth of Col-0 and nox17. Col-0 and nox1 seedlings exposed to excess Fe for 3 d. (f) Distance from the
root apex to the first root hair of the primary root. Values shown are the means + SD (n > 10). Different letters represent means that are statistically
significantly different at the 0.05 level (one-way ANOVA with Duncan post-hoc test).

similar extent to that in Co/-0, with slight sensitivity to Fe
observed in the pin2-1 mutant. DR5:GFP expression was further
analyzed in roots treated with excess Fe plus cPTIO. Although
cPTIO co-treatment relieved the Fe-mediated inhibition of root
growth, it had no effect on DR5:GFP expression (Fig. S11c).
Recent studies (Reyt ez al., 2015; Onaga ez al., 2016) have sug-
gested that Fe homeostasis interferes with ROS distribution in
the primary root, and that this interaction may contribute to
NO-mediated primary root shortening under Fe excess. Consis-
tently, excess Fe significantly induced ROS in the root tip zone of
both Col-0 and noxI seedlings (Fig. S12); however, the ROS
levels in 7oxI did not differ significantly from those in Co/-0.

NO contributes to excess Fe-mediated K™ depletion and
cell death in the root tip zone

Given that excess Fe markedly induced root tip K" loss (cf Figs 2,
3), we asked whether endogenous NO levels in Fe-treated plants
were related to K™ loss in root tips exposed to Fe stress. As shown
in Fig. 7(a,b), the pretreatment of Arabidopsis roots with the NO
scavenger cPTIO reduced the excess Fe-induced Col-0 root tip
K" efflux. By contrast, SNP pretreatment significantly enhanced
K" efflux in the Co/-0 tip zone under both control and Fe treat-
ment conditions (Figs 7a,b, S13a). Moreover, the noxI mutant
exhibited more K" efflux in the root tip zone relative to Co/-0
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under both control and Fe treatment conditions (Figs 7¢,d, S13b,
¢). Gd** pretreatment reduced the Fe-induced root tip K* efflux
in the noxI mutant (Fig. 7e,f). Moreover, Gd** did not affect
excess Fe-induced NO levels in the Co/-0 root tip (Fig. S14).
Imaging using the APG-2 fluorescent dye revealed a lower K*
level in the root tip zone of the 7oxI mutant than in Co/-0 under
Fe stress (Fig. 8).

Fe excess and NO accumulation have also been reported to
trigger cell death (Bai ezal., 2012; Li et al., 2012). In these stud-
ies, the rate of regrowth of Fe-treated roots was significantly dif-
ferent from that of the controls, although the root growth of
both Col-0 and noxI following treatment was largely recovered
after 24 h of recovery culture. Moreover, the regrowth rate of
nox1 was lower than that in Co/-0 (Fig. S15a). We further stained
roots with excess Fe using TB staining (Duan ez al., 2010). Com-
pared with the control, exposure to excess Fe led to increased TB
staining intensity at the root tip zone, and the TB staining inten-
sity in nmox] was significantly higher than that in Col-0
(Fig. S15b). We also tested the effect of K* deficiency under
excess Fe on TB staining at the root tip zone. K* deficiency signif-
icantly enhanced Co/-0 root tip zone TB staining under Fe toxic-
ity (Fig. S6d).

SNO1/SOS4 has been reported to be a critical factor of NO
modulation of K* levels in Arabidopsis roots and the activity is

induced by NO (Xia etal., 2014). Consistently, SNO1/SOS4
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Fig. 7 Effects of nitric oxide (NO) on excess iron (Fe)-mediated net plasma membrane K* fluxes in the Arabidopsis thaliana root tip zone. (a) Effect of 2-(4-
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from epidermal root cells in the Col-0 root apical zone in response to 300 pM Fe (indicated by the arrow). (b) Mean values of K* fluxes from (a). Asterisk
denotes statistical significance (n >3, independent samples t-test, P <0.05). (c) Effects of excess Fe on net K* fluxes at the root apical transition zone of
Col-0 and the noxT mutant. (d) Mean values of K* fluxes from (c). Asterisk denotes statistical significance. (e) Effect of Gd3>* (50 wM) pretreatment on net
K* fluxes from epidermal root cells in the nox7 root apical zone in response to 300 M Fe. (f) Mean values of K* fluxes from (e). Asterisks denote statistical

significance (n >3, independent samples t-test, P <0.05). Values shown are the means + SD.

activity was increased in SNP-treated Co/-0 seedlings compared
with controls (Fig. 9a). In addition, an increase in SNO1/SOS4
activity was observed in Fe-treated Col-0 and noxI seedlings;
however, the induction was more significant in nox! (Fig. 9a).
Moreover, compared with Col-0 controls, the snol/sos4 mutant
exhibited aggravated root growth inhibition and significantly
greater root tip zone K" efflux in response to excess Fe (Fig. 9b—
d). The elevated PLP content directly mediated by increased
SNO1/SOS4 activity has been reported to play a role in the regu-
lation of K" currents (Xia e¢zal., 2014). In this study, PLP pre-
treatment significantly enhanced the excess Fe-induced K" efflux
in the Col-0 root tip zone, and application of Gd®* reversed the
PLP-induced K" efflux under excess Fe (Fig.9e,(f). Seedlings
grown under K' addition plus cPTIO showed well-developed
root growth compared with K" addition alone (Fig. S16a). How-
ever, no significant alleviation by K" addition was observed in
noxI and snol/sos4 mutants under Fe stress, compared with Co/-0
(Fig. S16b), even when exogenous K* was increased to 10 mM
(data not shown).

Ethylene negatively regulates excess Fe-induced NO
accumulation

Ethylene has been suggested to alleviate Fe toxicity in some
cases. The AtACS7 gene has been reported to play a key role

New Phytologist (2018) 219: 259-274
www.newphytologist.com

in excess Fe-induced ethylene production (Li ezal, 2015a,b);
herein, AtACS7:GUS activity, in which the GUS reporter gene
is driven by the AzACS7 promoter, was markedly increased in
the root tip under excess Fe (Fig. 10a). Consistent with this,
EBS:GUS expression (an ethylene reporter construct in which
the GUS reporter gene is driven by a synthetic EIN3-
responsive promoter) was also enhanced markedly in the root
tip zone under Fe excess (Fig.S17). Supplementation with
AVG, an inhibitor of ethylene biosynthesis, aggravated the
inhibition of primary root growth under Fe excess (Fig. 10b).
Meanwhile, er2-1, a gain-of-function ACS5 mutant allele of
ETO2, which confers increased ethylene production (Wang
eral., 2004), displayed increased root growth tolerance com-
pared with Col-0 (Fig. 10c).

As ethylene and NO are both involved in the regulation of root
growth under Fe excess, their roles need to be determined. NO-
dependent fluorescence in root tips was significantly increased in
the presence of the ethylene inhibitor AVG under Fe excess
(Fig. 10d). This was further supported by the observation that
Fe-induced NO generation in root tips was lower in efo2-1 than
in Col-0 (Fig. 10e). Interestingly, application of the NO donor
SNP increased AtACS7:GUS expression in the root tip under
excess Fe, compared with the mock condition (Fig. S18). We fur-
ther examined the role of ethylene in Fe-regulated K* fluxes. In
Col-0 plants, AVG pretreatment significantly enhanced Fe-
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Fig. 8 Effect of excess iron (Fe) on Asante Potassium Green-2 (APG-2)
staining in the Arabidopsis thaliana Col-0 and nox1 root tip zone. Five-
day-old seedlings exposed to excess Fe for 3 d before staining with a K*
indicator (APG-2). Bar, 100 pm. The quantification of samples is shown in
the images, and the fluorescence intensity of the Co/-0 control root tip
zone was set to 1. Asterisks denote statistical significance compared with
Col-0 control (independent samples t-test, P <0.05). Values shown are the
means + SD (n=10-12).

Asante Potassium Green-2

induced K* efflux in the root tip zone compared with the mock

condition (Fig. 10f,g).

Discussion

Previous observations and our present results show that excess Fe
supplied to Arabidopsis roots can regulate the distal organizer pat-
tern in the root tip (Reyt eral, 2015; Fig.2a,b). Excess Fe-
induced root growth inhibition requires that the root tip be in
direct contact with external Fe, and the root tip zone is more sen-
sitive than other root zones to Fe toxicity (Zhang ez al., 2011; Li
etal., 2015b; Fig. 1c). However, it has remained unclear what
processes underpin the higher sensitivity of the root tip to Fe
stress. In our study, we found that the higher Fe sensitivity was
related, at least in part, to compromised K" retention in the root
apical zone. Further examination revealed that the sensitivity of
the root tip zone, the impairment of K" homeostasis in that zone
and cell death under Fe toxicity were associated with Fe-induced
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NO accumulation. To assist in the interpretation of a complex
dataset that highlights the importance of NO accumulation and
K* homeostasis responses to excess Fe, we provide a model to
explain the growth inhibition of root apical tissues at the molecu-
lar and physiological level (Fig. 11).

The maintenance of sufficient K" levels enhances plant toler-
ance to various environmental stresses (Kronzucker ez al, 2008;
Britto & Kronzucker, 2009; Szczerba et al., 2009; Coskun ez al.,
2010, 2013a; Li eral, 2014). A strong positive correlation
between the ability to retain K™ and Fe excess tolerance has been
reported previously in rice (Onaga eral, 2016), Epilobium
hirsutum (Wheeler et al., 1985) and Arabidopsis (Li et al., 2016a).
Although excess Fe has been reported previously to inhibit root
growth by the negative regulation of K* homeostasis (Li ezal.,
2001, 2015b; Celik ezal., 2010), how Fe excess impacts root K*
homeostasis has remained rather poorly understood. In our
study, we found that Fe excess-induced K" loss was especially
pronounced in the root tip zone. Root apical zones showed
greater K* efflux and retained less K™ when exposed to Fe excess
(Figs 2, 3), and K" deficiency in root apical zones could aggravate
excess Fe-inhibited root growth inhibition (Figs S3, S6a). Cells
that are not completely differentiated, especially those in the root
meristem, are characterized by a small vacuole, low volume, low
water content and low fresh weight (Luxova, 1988). Shabala ez al.
(2006) suggested that higher net K* efflux implies lower cytosolic
K", which could alter cell elongation processes. K* efflux across
the root plasma membrane has been reported to be mainly medi-
ated by GORK and NSCCs (Coskun ezal, 2010; Demidchik,
2014; Shabala eral, 2016). Copper ascorbate-induced K* loss
from Arabidopsis roots is mediated by K'-selective channels (K*
loss was blocked by TEA and reduced in the gork! mutant)
(Demidchik ez al., 2010). However, both TEA pretreatment and
GORK]I1 mutation had no significant effect on the root tip K*
efflux under excess Fe (Fig.4). A persistent lack of certainty
around which molecular candidates code for NSCCs, and the
lack of clear phenotypes in loss-of-function mutants, present a
significant challenge in studies of NSCCs and in attempts to
relate their function mechanistically to a number of physiological
phenomena (Kronzucker & Britto, 2011; Pottosin & Dobrovin-
skaya, 2014). Pharmacological NSCC blockers, such as Gd*,
which tend to display broader spectrum inhibition (Kronzucker
& Britto, 2011), are, however, widely used in studies on NSCCs;
for example Zepeda-Jazo eral. (2011) suggested that copper
ascorbate-induced K* efflux from pea roots is mediated by
NSCCs by using evidence derived from Gd**. Here, a large con-
tribution of NSCCs is suggested by the fact that Gd** caused a c.
60% inhibition of excess Fe-induced K" efflux (Fig. 4a,b), and
application of Gd®* mildly alleviated the decrease in the rate of
root growth under Fe toxicity (Fig. S5a). Furthermore, our pre-
sent and previous data show that suppression of root growth
under excess Fe can be significantly alleviated by K" addition (Li
et al., 2016a; Fig. S6a), and K" addition can lead to higher tissue
K levels (Fig. S6¢), supporting the importance of the role of K*
retention in tolerance to excess Fe.

In contrast with the study of the role of NO in the response to
Fe limitation, the possible roles of NO in the regulation of root
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Fig. 9 Effects of SNO1 (sensitive to nitric oxide 1)/SOS4 (salt overly sensitive 4) on iron (Fe)-mediated root growth and net plasma membrane K* fluxes in
the Arabidopsis thaliana root tip zone. (a) Enzyme activity of SNO1/SOS4 in Col-0 and nox7 roots in response to sodium nitroprusside (SNP) (15 uM) and
excess Fe (300 pM). Seven-day-old seedlings exposed to excess Fe for 3 d. Different letters represent means that are statistically significantly different at
the 0.05 level (one-way ANOVA with Duncan post-hoc test). (b) Effect of excess Fe on primary root growth in Col-0 and the sno7/sos4 mutant. Five-day-
old seedlings exposed to excess Fe for 5 d. Different letters represent means that are statistically significantly different at the 0.05 level (one-way ANOVA
with Duncan post-hoc test) (n = 10). (c) Effects of excess Fe (indicated by the arrow) on net K* fluxes at the root apical transition zone of Co/-0 and
sno7/sos4 mutant seedlings. (d) Mean values of K* fluxes from (c). Asterisk denotes statistical significance (n >3, independent samples t-test, P <0.05). (e)

Effect of pyridoxal-5’-phosphate (PLP) (100 uM) and PLP plus Gd** (50 uM) pretreatment on net K* fluxes from epidermal root cells in the Co/-0 root
apical zone in response to 300 uM Fe (indicated by the arrow). (f) Mean values of K* fluxes under excess Fe from (e). Asterisk denotes statistical
significance (n >4, independent samples t-test, P <0.05; ns, nonsignificant). Values shown are the means + SD.

growth under Fe surplus have not been investigated. In this
study, we have demonstrated that root growth effects under Fe
excess are mediated, at least in part, by NO accumulation (Figs 5,
6). To cope with Fe deficiency, plants must ensure effective Fe
acquisition from the rhizosphere. Fe deficiency-induced NO can
trigger the expression of the FI7 gene, which regulates the expres-
sion of FRO2 and IRT, to increase the uptake of Fe (Chen ezal.,
2010). By contrast, under excess Fe conditions, restriction of
excessive Fe absorption can prevent more serious Fe toxicity
(Becker & Asch, 2005), and the expression of the /R71 gene is
significantly inhibited at high Fe concentrations (Giehl ezal,
2012). The function of NO in the promotion of Fe uptake is use-
ful in the acclimation to Fe deficiency, but does not seem to be
conducive to improving the responses to excess Fe conditions. It
is, however, not known whether NO may directly modulate root
Fe influx and/or efflux under excess Fe, and more research is war-
ranted to examine this. Other metals, such as Cu and Al, have
also been shown to produce oxidative stress and to inhibit root
growth (Xiong ez al., 2010), but, in contrast with excess Fe stress,
NO plays a positive role in Cu and Al toxicity tolerance in rela-
tion to root growth (Tian ez al, 2007; Peto et al., 2013; Liu ez al.,
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2016; Fig. S10), although NO plays a negative role in Al toler-
ance in some plants, such as rice bean (Zhou ez al., 2012). Thus,
it can be hypothesized that, depending on the biological context,
NO exerts opposing effects on root growth. L-NAME (a NOS
inhibitor) has been reported to reduce salt-induced NO produc-
tion in Arabidopsis (Liu et al., 2015), and L-NAME can reduce
the inhibitory effect of salt treatment on root growth (Liu ez al,
2015; Fig. S7b). Chen ez al. (2010) have demonstrated that NOS
and the NOAI gene are involved in Fe deficiency-regulated NO
generation in the Arabidopsis root tip zone, and Fe deficiency-
induced NO accumulation and gene expression are significantly
suppressed by the NOS-inhibitor L-NAME and by the NOAI
mutation. By contrast, Touraine ez al. (2012) clearly showed that
treatment with L-NAME or L-NMMA and the mutation in
NOAI did not affect Fe excess-dependent NO production in
Arabidopsis. Our present data show that L-NAME or L-NMME
and the mutation in NOAI have no significant effect on excess
Fe-inhibited root growth (Fig. S7a,c), supporting the results of
Touraine ez al. (2012). All the results to date suggest that the reg-
ulatory mechanisms underpinning NO
Arabidopsis are fundamentally different in response to Fe

accumulation in
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Values shown are the means + SD (n > 3). Different letters represent means statistically different at the 0.05 level (one-way ANOVA with Duncan post-hoc

test). Ctrl, control (50 uM Fe); +Fe, excess Fe (300 uM Fe). Bars, 100 um.

deficiency as opposed to Fe excess. NO production from different
sources may result in divergent effects (Xiong eral., 2010), even
in response to the same stress. For example, nitrate reductase
(NR)-mediated, rather than NOS- and other source-mediated,
NO bursts are involved in the protection against Al toxicity in
roots of wheat (Sun ez al., 2014). At least seven possible pathways
of NO biosynthesis have been described in plants (Gupta ezal.,
2011). However, to date, the mechanisms underlying the induc-
tion of NO biosynthesis under excess Fe in plants is still largely
unknown. Further studies on the precise origin of excess Fe-
induced NO in plant tissues are warranted.

The question then arises as to how Fe-induced NO accumula-
tion leads to impaired resistance to Fe excess. It has been sug-
gested that NO can suppress root growth by reducing auxin in
root tips under salt and Cd stress (Liu eral, 2015; Yuan &
Huang, 2016). However, unlike in salt or Cd stress, the DR5-
indicative auxin level in the root tip was not reduced under excess
Fe, although an NO burst and inhibition of root growth were
observed over the same treatment time. All these observations
further illustrate the complexity and variation in NO-mediated
root development when responding to the different environmen-
tal stresses. Alternatively, increased ROS levels are also involved
in excess Fe-inhibited primary root length (Reyt eral., 2015) and
are the stimulus to activate NSCCs, resulting in K* loss from the
cell (Pottosin & Dobrovinskaya, 2014; Shabala ezal.,, 2016). In
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agreement with the observations of Reyt ezal. (2015), excess Fe
indeed increased the ROS level in root tips of both Co/-0 and
nox1 seedlings (Fig. S12); however, the elevated ROS levels in
noxI did not significantly differ from those in Co/-0 in our study,
suggesting that the ROS increase caused by Fe excess is not the
main reason for impaired Fe resistance in zoxI. Meanwhile, it is
important to recall that NO can increase the abundance of fer-
ritin proteins which store Fe to avoid oxidative stress (Arnaud
etal., 2006; Briat ezal., 2010). However, Reyt ezal. (2015) has
clearly demonstrated, using genetic evidence, that ferritin is not
involved in the modulation of primary root growth under excess
Fe. The work described in this article further shows that Fe-
induced NO accumulation is involved in Fe-dependent root tip
zone K" homeostasis based on pharmacological and genetic evi-
dence. According to the literature, the effects of NO on root K*
homeostasis can vary greatly between conditions and plant
species. Chen ez al. (2013) showed that SNP increases K* content
under exposure to salt in Kandelia obovata. However, Xia et al.
(2014) found that SNP can mediate root K" homeostasis by the
negative regulation of root K" uptake via suppression of the
AKT1 gene in Arabidopsis. Cd induces NO, but has no effect on
Arabidopsis root K* status (Besson-Bard eral, 2009). These
diverse results on the relationships between NO and K* home-
ostasis might be attributed to the impacts of external stimuli on
NO content and different sources of NO production in plants.
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Fig. 11 A proposed model for nitric oxide (NO)-mediated Arabidopsis thaliana primary root tip zone growth under iron (Fe) excess. NO levels in root tips
are increased significantly above levels elsewhere in the root and are involved in the arrest of primary root tip zone growth under excess Fe. NO-mediated
inhibition of root growth is, at least in part, related to NO-induced K* loss via nonselective cation channels (NSCCs), and increased SNO7 (sensitive to
nitric oxide 1)/SOS4 (salt overly sensitive 4) activity-mediated pyridoxal-5'-phosphate (PLP) is further implicated in this process. NO also mediates K*
homeostasis by the negative regulation of K* uptake. The significant K* loss can result in the loss of cell turgor (and hence arrest root growth) and either
programmed cell death (PCD) or necrosis in the root apex. Meanwhile, excess Fe also reduces cell viability, associated with reactive oxygen species (ROS)
accumulation and NO-induced hormone imbalance and protein S-nitrosylation. ROS has also been reported to activate NSCCs, resulting in K* loss from
the cell. Furthermore, Fe-induced ethylene can partially antagonize the reduction in excess Fe-mediated primary root growth by the control of NO levels.

GORK1, guard cell outward-rectifying K* channel 1.

Although the mechanism by which endogenous NO regulates
root tip K" efflux under excess Fe remains to be defined, one
hypothesis is that NO might influence ion channels in roots.
Gd** pretreatment significantly decreased root tip K* efflux in
the noxI mutant under both control and Fe treatment (Fig. 7e,
f). Recently, it has been reported that enhanced NO accumula-
tion could indirectly, via SNOI1/S084, result in a reduction in
K" uptake in the root (Xia ezal., 2014). Here, we have provided
evidence that an increase in SNOI/SOS4 activity was observed
in the excess Fe-treated Co/-0 and noxI seedlings, and that the
induction was more significant in nox/ (Fig. 9a). The SNO1/
SOS4 gene is also involved in root growth and the regulation of
root tip zone K" fluxes under Fe toxicity (Fig. 9b—d). It is not
known at this time how the SNO1/SO84 gene engages to mod-
ulate root tip K* efflux. Xia ezl (2014) have demonstrated that
increased SNO1/SOS4 activity can trigger PLP accumulation
and that PLP plays a critical role in the regulation of
Arabidopsis root K' content. PLP can stimulate root tp K*
efflux under excess Fe. In our study, PLP pretreatment
enhanced excess Fe-induced K* efflux in the Co/-0 root tip zone,
and application of Gd’* reversed the PLP-induced K* efflux
under excess Fe (Fig. 9e,f). More detailed research is warranted
to examine this in the future. Interestingly, there was no signifi-
cant alleviation of Fe-inhibited root growth by K" addition in
noxI and snol/sos4 mutants, suggesting that NO might nega-
tively regulate additional K* alleviation of Fe excess. One
hypothesis is that the overaccumulation of NO could reduce K*

New Phytologist (2018) 219: 259-274
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uptake (Xia eral, 2014), and this might restrict the tissue K*
concentration under K* addition.

Excess Fe and NO accumulation have been reported to trig-
ger cell death (Xu eral, 2010; Bai eral, 2012), although the
mechanism for this is not understood. Excess Fe induced ROS
accumulation (Reyt eral, 2015; Fig. $12), which could trigger
oxidative damage and cell death (Lin ezal, 2012). In this study,
the 7oxI mutant showed more severe root tip cell mortality, but
ROS accumulation, to Col-0 under Fe toxicity
(Fig. S12), suggesting that NO may also be involved in Fe-
induced cell death. Previous reports have suggested that NO-
induced cell death is related to NO-mediated hormone imbal-
ance and protein S-nitrosylation (Xu eral, 2010; Bai eral,
2012; Lin etal, 2012). In addition, K loss can stimulate cell
death in animals and in Arabidopsis (Yu, 2003; Demidchik
eral., 2010). Consistent with this, K deficiency significantly
enhanced Col-0 root tip zone TB staining-indicated cell death
under Fe toxicity in our study (Fig. S6d). More research is war-
ranted to examine this.

Ethylene is regarded as a stress hormone and can be induced
by a variety of stresses to protect growth, such as under salt stress
(Jiang etal., 2013), but ethylene accumulation in non-stressed
environments can inhibit root growth (Fig. 10c), partly associ-
ated with induced hormonal imbalance (e.g. auxin, jasmonates
and abscisic acid (ABA)) (Adams & Turner, 2010; Strader ez al,
2010; Ma ez al., 2014). Ethylene has been shown to play a role in
the tolerance of primary root growth to excess Fe (Peng &

similar
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Yamauchi, 1993; Li etal, 2015b; Fig. 10), although specific
mechanisms for this have remained unclear. Here, we suggest that
one possible mechanism of ethylene-induced tolerance of pri-
mary root growth in Co/-0 occurs partly through NO mediation.
The findings are also consistent with previous reports showing
that ethylene regulates NO levels in plants (Song ez al., 2011; Liu
etal., 2017). Interestingly, treatment with the NO donor SNP
stimulates ACS7 gene expression in the root under Fe excess, sug-
gesting that ethylene production can respond to NO levels under
Fe excess. Supportive of this are the findings by Gniazdowska
eral. (2007) and Liu ez al. (2017), showing that SNP upregulates
the activities of ethylene biosynthesis enzymes.

In conclusion, NO levels in root tips are increased significantly
above levels elsewhere in the root and are involved in the arrest of
primary root tip zone growth under excess Fe. Fe-inhibited root
growth is, at least in part, related to NO-induced K" loss, possi-
bly via NSCCs. Meanwhile, excess Fe also affects cell viability,
probably via ROS accumulation, NO-induced hormone imbal-
ance and protein S-nitrosylation, all of which affect root growth.
These modulations in hormone and K" homeostasis might regu-
late the growth rate to reduce the interceptive surface of the root
system to excess Fe. Meanwhile, ethylene can partially antagonize
the reduction in excess Fe-mediated primary root growth by the
control of NO levels. These compensatory effects of ethylene
may prevent the excessive decline in root growth and maintain
the absorption of other nutrients (Heil & Baldwin, 2002). In
addition, the root hair zone is more tolerant to Fe excess and can
sequestrate more Fe in the vacuole, cell wall and by components
to avoid the deposition of excessive Fe in susceptible tissues (such
as the root tip zone). Further research into the interplay of ion
homeostasis and NO will enable a fuller understanding of how
plants respond to Fe toxicity by the regulation of hormonal and
ion signaling.
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Supporting Information

Additional Supporting Information may be found online in the
Supporting Information tab for this article:

Fig. S1 Schematic diagram of the experimental setup for the
application of excess Fe to the root tip zone.

Fig. S2 Effects of excess Fe on root Fe staining (Perls staining) in
control and in seedlings treated with excess Fe.

Fig. S§3 Effects of localized low K" supply on the root growth of
Arabidopsis.

Fig. S4 Effects of excess Fe on root tip zone Na, Ca and Mg
levels in Arabidopsis.

Fig. S5 Effects of Gd** on Fe-inhibited root growth and effects
of excess Fe on the root growth of gorkl mutants.

Fig. S6 Effects of K* on root growth, net plasma membrane K*
fluxes, K content and cell viability in the root tip zone under Fe
excess.

Fig. S7 Effects of NG-nitro-L-arginine methyl ester (L-NAME)
and NG-monomethyl-L-arginine (L-NMME) on the primary
root growth of Arabidopsis.

Fig. S8 Effects of excess Fe on primary root growth in
Arabidopsis Col-0 and gsnorl mutant.

Fig. S9 Effects of Fe-citrate and K-citrate on primary root growth
in Arabidopsis Col-0 and nox! mutant.

Fig. $10 Effects of Cu stress on root growth of Co/-0and nox1.

Fig. S11 Effects of auxin on excess Fe-mediated primary root
growth inhibition in Arabidopsis.

Fig. S$12 Effects of excess Fe on the production of reactive oxygen
species (ROS) in roots of Arabidopsis Col-0 and nox1 plants.

Fig. S13 Effects of NO on net plasma membrane K fluxes in the
root tip zone under control conditions.

Fig. S14 Effects of Gd*>* on the NO level of the Col-0 root tip

zone.

Fig. S15 Effects of excess Fe on cell death of the Co/-0 and noxI

root tip zone.

Fig. 816 Effects of NO on K" alleviation of primary root growth
inhibition under excess Fe.

Fig. S17 Effects of excess Fe on the activity of EBS:GUS in
Arabidopsis root tissue.
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Fig. S18 Effects of the NO donor sodium nitroprusside (SNP) Please note: Wiley Blackwell are not responsible for the content

on the activity of AtACS7:GUS in Arabidopsis root tissue. or functionality of any Supporting Information supplied by the
authors. Any queries (other than missing material) should be

Table S1 Genetic loci of the Arabidopsis thaliana mutants used directed to the New Phytologist Central Office.
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