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Sodium (Na) is ubiquitous in soils, and is transported to
plant shoots via transpiration through xylem elements in
the vascular tissue. However, excess Na is damaging.
Accordingly, control of xylem-sap Na concentration is im-
portant for maintenance of shoot Na homeostasis, espe-
cially under Na stress conditions. Here we report that shoot
Na homeostasis of Arabidopsis thaliana plants grown in
saline soils is conferred by reactive oxygen species (ROS)
regulation of xylem-sap Na concentrations. We show that
lack of A. thaliana respiratory burst oxidase protein F
(AtrbohF; an NADPH oxidase catalysing ROS production)
causes hypersensitivity of shoots to soil salinity. Lack of
AtrbohF-dependent salinity-induced vascular ROS accumu-
lation leads to increased Na concentrations in root vascu-
lature cells and in xylem sap, thus causing delivery of
damaging amounts of Na to the shoot. We also show that
the excess shoot Na delivery caused by lack of AtrbohF is
dependent upon transpiration. We conclude that AtrbohF
increases ROS levels in wild-type root vasculature in
response to raised soil salinity, thereby limiting Na
concentrations in xylem sap, and in turn protecting shoot
cells from transpiration-dependent delivery of excess Na.
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Introduction

Soil salinity is one of the major factors limiting global
agricultural production, affecting an estimated ~ 20 million
hectares of cultivated land world-wide (Epstein, 1985; Zhu,
2002; Flowers, 2004; Munns and Tester, 2008). In addition,
increased salinisation of cultivated land, especially where
production depends on irrigation, is threatening the
sustainability of global food production (Greenway and
Munns, 1980; Frommer et al, 1999; Tester and Davenport,
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2003; Flowers, 2004; Munns and Tester, 2008). Thus, there is
an urgent need to advance the understanding of plant soil-
salinity tolerance mechanisms, and to increase the salinity
tolerance of crops.

Soil salinity is characterized by a high concentration of
soluble salts. NaCl is the most soluble and widespread soil
salt, and Na™ toxicity is therefore the most prevalent natural
salinity stress restricting plant growth (Zhu, 2002; Tester and
Davenport, 2003; Munns and Tester, 2008). Many plants have
evolved mechanisms to circumvent the effects of high soil
Na™ concentrations, including maintenance of shoot and
root intracellular Na* concentrations at non-toxic levels
(Zhu, 2002; Munns and Tester, 2008). In Arabidopsis,
delivery of Na® from the soil to shoot is believed to
involve the following steps. Initially, Na™ enters root
epidermal cells passively via nonselective cation channels
(Amtmann and Sanders, 1999; Tester and Davenport, 2003;
Munns and Tester, 2008) and likely also via high-affinity K*
(HKT) transporters (Munns and Tester, 2008). Next, Na ™"
moves across the endodermis, and then enters the cells of the
central vascular cylinder (stele). Finally, Na™ is loaded from
the stelar cells into the xylem elements specialized for long-
distance transport (vessels and tracheids), and is thereby
delivered to the shoot in the transpiration stream (Smith,
1991; Davenport et al, 2007; Munns and Tester, 2008).
Working against this root-to-shoot Na™ flow, there are
mechanisms that restrict the amount of Na™ delivered to
the shoot. First, plasma membrane Na*/H™' antiporters
(e.g., SOS1) can pump Na' back into soil solution,
reducing the net influx of Na™* into inner cell layers of the
root (Shi et al, 2002; Zhu, 2002; Munns and Tester, 2008;
Quintero et al, 2011). This reverse pumping of Na™ into the
soil is dependent on additional factors (e.g., SOS2, SOS3 and
the putative calcium sensor CBL10; Qiu et al, 2002, 2004;
Quan et al, 2007). Second, HKT transporters can retrieve Na*
from the transpiration stream in the xylem before it reaches
the shoots (Maser et al, 2002; Ren et al, 2005; Sunarpi et al,
2005; Davenport et al, 2007; Moller et al, 2009; Baxter et al,
2010; Munns et al, 2012). These mechanisms for
counteracting root-to-shoot Na™ delivery are essential for
maintaining shoot Na™ concentrations at non-toxic levels
and thus for soil-salinity tolerance (Zhu, 2002; Munns and
Tester, 2008).

Soil-salinity stress causes the in planta accumulation of
reactive oxygen species (ROS) (Achard et al, 2008; Miller
et al, 2010), which secondarily results in oxidative stress and
cell damage (Flowers, 2004; Miller et al, 2010; Xie et al, 2011).
In addition, there is evidence suggesting that ROS, as well as
being a toxic agent in salinity stress, also acts as a signalling
mediator of plant salinity tolerance. For example, Arabidopsis
mutants lacking cytosolic and/or chloroplastic H,O, ascorbate
peroxidase removal enzymes were found to be more tolerant of
salinity stress, suggesting that increased ROS levels promote
tolerance (Miller et al, 2007). In addition, it has recently
been reported that the enzyme AtS5PTase’ regulates ROS
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production in saline conditions (likely through activation of
NAPDH oxidase enzymes), and that mutants lacking
At5PTase7 activity are hypersensitive to salinity (Kaye et al,
2011). Finally, treatment of wild-type (WT) Arabidopsis
plants with diphenylene iodonium (DPI, an inhibitor of
NADPH oxidase activity) blocked salinity-induced ROS
production and reduced salinity tolerance by inhibiting
gp91P"°* homologues (also called respiratory burst oxidase;
Leshem et al, 2007). ROS therefore plays a dual role in salinity
response, potentially causing oxidative damage as well as
conferring salinity tolerance (Dat et al, 2000). However, to
our knowledge, no ROS-associated genes have previously
been identified following forward-genetic screens for
mutants with altered salinity sensitivity. In addition, the
cellular mechanisms by which in vivo ROS production and
ROS signalling promote salinity tolerance remain unknown.

Previous genetic screens for Arabidopsis thaliana mutants
displaying altered salinity responses have largely involved
in vitro (Petri-dish) environments (Liu et al, 2000; Quesad
et al, 2000; Shi et al, 2002), and have enabled the discovery of
genes (including SOSI, SOS2 and SOS3) playing major roles
in plant salinity response and tolerance (Zhu, 2002).
However, the relative artificiality of these in vitro screens
(in particular the limitations on transpiration rate) might
have resulted in additional genes important to plant soil-
salinity response being missed (Moller and Tester, 2007).
We therefore devised a novel screen for A. thaliana
mutants hypersensitive to soil salinity, with special focus
on the possibility that such mutants might be affected in
the delivery of Na from root to shoot (see Materials and
methods section). We describe here the isolation of a novel
soil-salinity hypersensitive mutant from this screen, and
show that the mutant phenotype is conferred by a loss-of-
function allele of A. thaliana respiratory burst oxidase protein
F (AtrbohF), a gene whose product is an NADPH oxidase that
catalyses production of ROS. We subsequently show that
AtrbohF increases root vascular ROS levels in response to
soil salinity, thus reducing xylem-sap Na levels and delivery
of Na to the shoot, hence protecting the shoot from the
damaging effects of excess Na. In addition, we show that
delivery of excess Na to the shoot caused by lack of AtrbohF
is dependent upon a functioning transpiration stream. For the
first time, we show how tissue-specific ROS production
regulates root-shoot Na delivery and consequent Na toler-
ance in transpiring soil-grown plants typical of natural and
agricultural environments.

Results

Identification of an A. thaliana soil-salinity sensitive1-1
(sss1-1) mutant

Our previous work had shown that the abscisic acid (ABA)
and ethylene signalling pathways can integrate plant salinity
responses via the DELLAs, a family of growth-inhibitory
proteins particularly associated with gibberellin signalling
(Achard et al, 2006). However, DELLA-deficient A. thaliana
mutants actually display mild salinity sensitivity (Achard
et al, 2006), thus indicating the relative importance of DELLA-
independent salinity responses. We therefore screened for
mutants displaying soil-salinity hypersensitivity derived from
a DELLA-deficient A. thaliana progenitor line (see Materials
and methods section). Screening of approximately 50 000 fast
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neutron-mutagenised DELLA-deficient M, seedlings (see
Materials and methods section; Belfield et al, 2012) yielded
10 mutants displaying hypersensitivity to soil salinity. Among
these, the sssI-I mutant phenotype was shown by
backcrossing to be conferred by a single recessive allele.
sss1-1 mutants display a characteristic bleaching phenotype
10 days after being watered with 120mM NaCl, while
progenitor controls remain green (Figure 1A). This bleaching
is due to a dramatic decrease (~60%) in sssI-1 chlorophyll
content (Figure 1B and C) and associated cell death
(Figure 1D). Interestingly, although sssI-1 is hypersensitive
to a range of soil NaCl concentrations (Supplementary Figure
1A and B), there was no detectable difference between the
salt sensitivities of in vitro grown sssI-1 and control plants
(Supplementary Figure 1C). Thus, sssI-1 identifies a gene
that regulates plant sensitivity to soil but not to in vitro
salinity.

sss1-1 is a novel mutant AtrbohF allele

We identified the mutation conferring sssI-I phenotype via
whole-genome sequence analysis (see Materials and methods
section; Jiang et al, 2011; Belfield et al, 2012). Of five novel
mutations in the sssI-1 genome (versus the progenitor
genome; Supplementary Figure 1D), only one (an 8025-bp
inversion; Chrl: 23765370-23773866) was uniformly
homozygous in ~60 soil-salinity hypersensitive F, plants
obtained following a backcross between sssi-1 and the pro-
genitor (data not shown). This inversion interrupts gene
At1G64060, a gene encoding a gp91P"°* homologue and
previously designated as AtrbohF (Figure 2A; Torres et al,
2002, 2005).

To confirm that loss of AtrbohF function confers the sssI-1
phenotype, we showed that atrbohF-F3 (a loss-of-function
AtrbohF allele derived from the A. thaliana Col-0 (WT)
genetic background; Torres et al, 2002) homozygotes and
sss1-1/atrbohF-F3 heterozygotes both display soil-salinity
hypersensitivity (Figure 2B and C). Thus, loss of AtrbohF
function confers hypersensitivity to soil salinity. In addition,
loss of AtrbohF function confers soil-salinity hypersensitivity
irrespective of the presence or absence of DELLA function.

AtrbohF is expressed in root vascular tissue

We next studied the effect of salinity on AtrbohF transcripts.
Exposure to salinity caused marginal increases in AtrbohF
transcript levels 2-6h following treatment onset, and more
substantial increases after 24-72h (especially in the root;
Figure 3A), suggesting that an increase in AtrbohF transcript
levels might confer enhanced soil-salinity tolerance. We next
investigated the cell/tissue specificity of AtrbohF expression,
using pAtrbohF:GUS plants expressing Escherichia coli
B-glucuronidase (GUS) under the control of an AtrbohF
promoter fragment (Materials and methods section). GUS
activity was predominantly detected in roots of pAtrbohF:
GUS plants (Figure 3B), mainly in cells comprising the central
vascular cylinder or stele (Figure 3C and D). Cross-sectional
analysis detected GUS activity primarily within the pericycle
cells and associated vascular parenchyma, but not in xylem
vessels (Figure 3E and F). In addition, we found that salinity
caused a tissue-/cellular-specific increase in GUS staining in
root stele cells (Figure 3G-I). These observations indicate
that AtrbohF is mainly expressed in the root stele, and that
salinity increases stele-specific expression of AtrbohF.

©2012 European Molecular Biology Organization
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Figure 1 Initial characterization of the sssI-1 mutant. (A) Mutant (sssI-1) and DELLA-deficient progenitor (global) control plants were grown
on soil in standard conditions for 4 weeks, then watered once to soil capacity with either 120mM NaCl (Salt) or water (Control), and
photographed 10 days after treatment. Bar = 1 cm. (B) Shoot chlorophyll contents of plants as indicated (salt treatment as in A), expressed as
percentage of 0-day controls. Results shown are means + s.e. of three independent replicates. (C) Appearance of the fourth leaves of global and
sss1-1 plants grown under control conditions or 10 days after salt treatment. Plant growth and salinity treatments as described in Figure 1A.
Bar=1cm. (D) Close-up images of leaves (as in A) stained with Trypan blue, revealing increased cell death in salt-treated sss-1 leaves.

Bar=0.5mm.

AtrbohF confers salinity-induced ROS accumulation and
soil-salinity tolerance

Soil salinity causes ROS accumulation (Zhu, 2002; Munns
and Tester, 2008; Miller et al, 2010; Mittler et al, 2011; Suzuki
et al, 2011), and we have shown above that lack of AtrbohF
(an NADPH oxidase enzyme catalysing ROS production)
confers soil-salinity hypersensitivity (Figure 1A). We there-
fore next studied the relationship between AtrbohF-mediated
ROS production and salinity tolerance. We first determined
the effect of salinity on in planta ROS levels using nitroblue
tetrazolium (NBT; in the presence of superoxide, NBT is
reduced to a blue/purple formazan deposit; Carol et al,
2005). Salinity caused an increase in NBT staining in WT
root stele cells (Figure 4A). Cross-sectional analysis revealed
that this increase is localized primarily within pericycle and
vascular parenchyma cells (Figure 4B), a cellular distribution
pattern similar to that of AtrbohF transcripts (Figure 3H). In
contrast, atrbohF-F3 mutant roots did not display salinity-
induced increases in stele-cell NBT staining or formazan
deposits (Figure 4A-C). Thus, salinity induces the accumula-
tion of NBT-detectable ROS in root stelar cells, and this
accumulation is dependent on AtrbohF function.

We next showed that inhibition of NADPH oxidase activity
with DPI (Carol et al, 2005) blocked salinity-induced NBT-
detectable ROS accumulation in WT root stele (Figure 4D and
E). We also found that DPI-treated WT plants phenocopied
the soil-salinity hypersensitivity conferred by lack of AtrbohF
(Figure 4F). We conclude that AtrbohF NADPH oxidase
activity is necessary for salinity-induced ROS production
and for consequent salinity tolerance.

©2012 European Molecular Biology Organization

Lack of AtrbohF function confers elevated shoot Na
levels

Growth of plants on high-salinity soils causes excessive
accumulation of Na ions in shoots and resultant cellular
damage (due to toxicity and/or osmotic stress). We next
determined if the soil-salinity hypersensitivity conferred by
lack of AtrbohF function is due to increased shoot Na
accumulation. We found that lack of AtrbohF function
(atrbohF-F3; sss1-1) caused accumulation of >2-fold more
shoot Na than in controls (global progenitor) during a 1- to 7-
day period following watering with 120mM NaCl
(Figure 5A). Reduced shoot K content has been reported to
cause Na accumulation in saline conditions, and Na accumu-
lation can decrease K uptake (Zhu, 2002; Munns and Tester,
2008). We found that mutants lacking AtrbohF function
showed K concentrations similar to WT 1-2 days following
salinity treatment, and K concentrations marginally less
than WT 4-7 days following treatment (Supplementary
Figure 2A). Thus, lack of AtrbohF function confers increased
shoot Na accumulation, an accumulation that is not ob-
viously associated with a decrease in K content. The in-
creased shoot Na accumulation caused by lack of AtrbohF
function presumably explains the visible shoot soil-salinity
hypersensitivity (bleaching and so on, Figure 1A) conferred
by AtrbohF loss-of-function mutations.

We next determined the effects of DPI treatment on shoot
accumulation of soil Na. Shoots of saline-soil-grown DPI-
treated WT plants accumulated higher Na concentrations
than controls (Figure 5B), suggesting that NADPH oxidase-
generated ROS accumulation counters the accumulation of
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Figure 2 sssI-1is a novel mutant AtrbohF allele. (A) Cartoon showing the interstitial genomic inversion detected in sssi-I (versus global
progenitor genome). The inversion interrupts AtrbohF (At1G64060). Blue boxes represent exons, green boxes introns, and grey boxes intergenic
regions. Open blue boxes represent untranslated regions (UTR). (B) WT (Col-0) and atrbohF-F3 plants grown in normal conditions (Control) or
7 days after salt treatment (Salt; salt treatment as in Figure 1A). Bar = 1 cm. (C) sssI-1/atrbohF-F3 heterozygote and control homozygote plants
(as indicated) 7 days after salt treatment. Plant growth and treatment is as in Figure 1A. Bar=1cm.

soil Na in untreated WT shoots. In contrast, DPI treatment of
saline-soil-grown atrbohF-F3 mutants caused only a marginal
increase in their already elevated shoot Na concentrations
(Figure 5B), suggesting that AtrbohF is the predominant
NADPH oxidase countering shoot accumulation of soil Na.
Consistent with this conclusion, lack of AtrbohF function
(versus lack of function of alternative Atrboh genes) uniquely
confers both soil-salinity hypersensitivity (Supplementary
Figure 2B) and increased shoot Na accumulation
(Supplementary Figure 2C). Thus, DPI treatment phenoco-
pies both the salinity hypersensitivity (Figure 4F) and shoot
Na accumulation phenotypes (Figure 5B) conferred by lack of
AtrbohF function, indicating that ROS generated by AtrbohF
has a specific and predominant role in regulating both Na
accumulation and soil-salinity tolerance.

Lack of AtrbohF function confers elevation of xylem-sap
Na concentration

Root-to-shoot delivery of soil Na is mediated by the xylem-
based transpiration stream. AtrbohF has previously been
reported to mediate stomatal closure induced by ethylene
and ABA (Kwak et al, 2003; Desikan et al, 2006; Joshi-Saha
et al, 2011). As stomatal aperture is a major determinant of

The EMBO Journal VOL 31 | NO 22| 2012

transpirational flow, we next determined if the increased
shoot Na accumulation characteristic of atrbohF-F3 mutants
could be due to increased transpiration rate. However, while
excess soil-salinity inhibited measured transpiration (Inan
et al, 2004) of both WT and atrbohF-F3 plants, there was no
detectable difference between the transpiration rates of the
two genotypes in either control or high soil-salinity
conditions (Supplementary Figure 2D), suggesting that the
elevated shoot Na accumulation of atrbohF-F3 is unlikely to
be due to effects on transpiration rate.

We next compared Na concentrations in the xylem sap of
WT (Col-0) and atrbohF-F3 plants by sampling root-pressure
exudate from detopped plants. While the xylem-sap Na
concentration of both WT and atrbohF-F3 plants increased
progressively over time following initiation of salt treatment,
the atrbohF-F3 xylem-sap Na concentration was consistently
> 2-fold higher than that of WT (Figure 5C; also see Materials
and methods section). This elevated xylem-sap Na concen-
tration presumably explains why the shoots of plants lacking
AtrbohF function accumulate higher levels of Na than WT
plants: increased xylem-sap Na concentrations, in combina-
tion with unaltered transpiration rates, will lead to increased
delivery of soil Na from root to shoot (Smith, 1991).

©2012 European Molecular Biology Organization
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Figure 3 AtrbohF expression: cell/tissue specificity and salinity
induction. (A) Real-time PCR analysis of salt-induced increase in
AtrbohF transcript levels. Four-week-old hydroponically grown WT
plants (see Materials and methods section) were treated with % MS
(control) or % MS plus 100mM NaCl. Samples were collected at
times indicated. Data are expressed as fold increase of experimental
samples over 0-h controls, and are means * s.e. of three replicates.
(B-I) B-Glucuronidase staining of pAtrbohF:GUS plant tissues.
(B) Root system; (C) root tip; (D, G) mature root; (E, H) cross-
sections of mature root. (G, H) B-Glucuronidase staining of the
mature root of pAtrbohF:GUS plants 3 days following salt (100 mM
NaCl) treatment. (F, I) UV fluorescence images of root cross-
sections shown in E and H. Bars=1cm in B; 100pum in C, D and
G; SOum in E, F, H and 1. Locations of specific cell types are
highlighted with red (pericycle), yellow (protoxylem) and green
(metaxylem) dots in E, F, H, I; the tissue surrounding the xylem
elements interior to the pericycle comprises vascular parenchyma
and phloem cells. Results are from 4-week-old plants grown in
hydroponic conditions (see Materials and methods section).

Lack of AtrbohF function confers rapid increase in stele
cell Na* levels

We next determined how lack of AtrbohF function causes
increased xylem-sap Na concentrations by studying the accu-
mulation and distribution of Na in root tissues of hydropo-
nically cultured plants (see Materials and methods section).
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ROS-mediated control of Na homeostasis
C Jiang et al

Hydroponically cultured atrbohF-F3 mutants displayed a
salinity hypersensitivity phenotype similar to that observed
when grown in soil (Supplementary Figure 2E), and likewise
accumulated higher shoot Na levels than WT plants following
onset of salinity treatment (Figure 5D). In addition, while
atrbohF-F3 root Na concentrations were higher than those of
WT controls for the first 2 days following onset of hydroponic
salt treatment (Figure S5E), atrtbohF-F3 and WT roots accumu-
lated similar root Na concentrations following longer periods
of exposure to salinity (days 4 and 7; Figure SE).

We next visualized the specific sites of Na* ion accumula-
tion in roots exposed to salinity using CoroNa Green dye
(a green-fluorescent indicator that increases emission
intensity upon Na™ binding; Oh et al, 2009; Figure 5F-N).
Fluorescence was barely detectable in cells of both WT and
atrbohF-F3 control roots (Figure SF and G), but a strong
fluorescence signal was detectable in diverse cell types
following exposure to 100mM NaCl (Figure SH-N). In salt-
treated WTroots, fluorescence was predominantly detected in
epidermal cells (Figure 5H, K and M), and was faintly
detectable in pericycle and vascular cells. In contrast, fluor-
escence became clearly detectable in both epidermal and
pericycle cells of atrbohF-F3 roots at 8h after exposure
onset (Figure 5I and J), with further increases in pericycle
and vascular cells at 24 h (Figure 5L and O) and 96 h (Figure
5N and O). Thus, Na* accumulates to higher than WT
concentrations in the root vasculature of salinity-treated
mutants lacking AtrbohF function, presumably explaining
the elevated xylem-sap Na concentration characteristic of
these mutants.

The saline-soil hypersensitivity of atrbohF-F3 is
transpiration dependent

To further understand the soil-salinity hypersensitivity con-
ferred by lack of AtrbohF function, we next screened for novel
mutations restoring normal soil-salinity tolerance to atrbohF-
F3 (see Materials and methods section). We thereby identified
repressor of soil-salinity sensitive 1-1 (rssI-1), a mutation
suppressing the effects of atrbohF-F3 on both visible soil-
salinity hypersensitivity and chlorophyll levels in saline soils
(Figure 6A and B). Whole-genome sequencing identified four
novel mutations in the rssI-I genome (compared to the
atrbohF-F3 genome; Supplementary Figure 3A). Only one of
the four novel mutations (the 2-bp deletion on Chr5 (— CA);
Figure 6C) was uniformly homozygous in all salinity-tolerant
F, plants. This deletion interrupts A. thaliana cellulose synth-
esis catalytic subunit? (AtCesA7; Figure 6C).

To determine if loss of AtCesa? function was responsible
for repressing the salt hypersensitivity of atrbohF-F3 in rssi-1,
we generated an independent line lacking AtrbohF and
AtCesA7 functions (atrbohF-F3/AtCesA7™3“, Turner and
Somerville, 1997), studied the salt sensitivity of this line
compared to atrbohF-F3, and found that atrbohF-F3/
AtCesA7™%* displayed a salt tolerance phenotype (relative
to atrbohF-F3) similar to that of atrbohF-F3/AtCesA7"%
(Figure 6D). These observations indicated that rssI-I is a
novel loss-of-function allele of AtCesA7.

Loss-of-function mutations of AtCesA7 (e.g., irregular
xylem3 (irx3)) confer collapsed stem xylem (Turner and
Somerville, 1997). Accordingly, our novel AtCesA7!!
allele confers a marked reduction in the number of
functional conducting root vasculature xylem elements

The EMBO Journal VOL 31 | NO 22| 2012 4363
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(Supplementary Figure 3B). Loss of AtCesA7 function has
also been reported to confer reduced transpiration rate
(Liang et al, 2010). Similarly, AtCesA7"*"! confers reduced
transpiration rate versus WT and progenitor atrbohF-F3
plants, and suppresses the transpiration of atrbohF-F3
plants in both control and saline-soil growth conditions
(Figure 7A and B). In addition, although shoot Na concen-
trations were relatively similar in atrbohF-F3/AtCesA7™!
and atrbohF-F3 plants grown in control conditions, atrbohF-
F3/AtCesA7™*"! shoot Na levels were ~30% those of
atrbohF-F3 in saline soil (Figure 7C). As transpiration rate
has a major effect on root-to-shoot Na delivery (Zhu, 2002;
Moller and Tester, 2007; Munns and Tester, 2008), we
conclude that AtCesA7™'! suppresses the soil-salinity
hypersensitivity of atrbohF-F3 by reducing the transpiration
rate and thus the transpiration-dependent root-to-shoot
delivery of Na. This conclusion is strengthened by the
observation that transpiration-restricting high atmospheric
relative humidity (90%) reduces both the severity of the
visible soil-salinity hypersensitivity phenotype and the

VOL 31 | NO 22 | 2012

shoot Na accumulation of atrbohF-F3 mutants grown on
saline soil (Figure 7D-F).

Discussion

Plant roots supply soil mineral ions to shoots via the
transpiration stream (Smith, 1991; Smith et al, 2010).
Homeostatic regulation of shoot ion levels is necessary
because many ions, such as Na, are toxic in excess. We
here describe the discovery of a root-localized mechanism
for regulation of root-to-shoot Na delivery. This mechanism
contributes to shoot Na homeostasis and protects shoot cells
from the damaging effects of excess Na accumulation. In
essence, increased soil salinity triggers increased ROS
production in root vasculature tissue. Local increases in
ROS levels then cause reductions in root xylem-sap Na
concentrations and in delivery of Na to the shoot in the
transpiration stream.

Soil-salinity stress has long been known to cause the
accumulation of ROS in planta (Miller et al, 2010; Mittler
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Figure 5 AtrbohF-mediated ROS regulation of root vasculature, xylem-sap and shoot Na levels. (A) Shoot Na contents (genotypes as indicated;
global is control for sssI-1; Col-0 for atrbohF-F3; DM, dry mass) 0-7 days following salt treatment (as in Figure 1A). Na content determinations
as in Materials and methods section. (B) Effect of DPI treatment on shoot Na content of WT versus atrbohF-F3. Salt and DPI treatment was as in
Figure 4D. Shoot Na contents were determined 4 days following treatment. (C) Xylem-sap Na concentrations, measured in root-pressure
exudate collected from detopped plants, following salt treatment of soil-grown WT (Col-0) and atrbohF-F3 (see Materials and methods section).
(D, E) Shoot (D) and root (E) Na content of hydroponically grown WT (Col-0) and atrbohF-F3 0-7 days following salt treatment. Plant growth
and salt treatments as in Figure 2A. Data shown in A-E are means * s.e. of three replicates. (F-N) Cellular localization of Na™ in salt-treated
WTand atrbohF-F3 roots. Confocal images of roots stained with CoroNa Green (green) and propidium iodide (red) are shown. (F, G) WT (Col-0;
F) and atrbohF-F3 (G) roots without salt treatment; left panel longitudinal section, right panel transverse section. (H-N) Cellular localization of
Na* in WT (H, K, M) and atrbohF-F3 (I, J, L, N roots following 8 h (H-J), 24h (K, L) and 96h (M, N) of salt treatment. Salt treatment as in
Figure 2A. Bar =50 um. (0) Quantitative comparison of CoroNa Green fluorescence intensities in root pericycle cells. Five individual plants
were measured for each genotype. Values are means * s.e. for 20 pericycle cells from each individual plant.

et al, 2011). ROS is toxic and causes oxidative stress and cell and that AtrbohF is predominant among NADPH oxidase-
damage (Miller et al, 2010; Mittler et al, 2011; Suzuki et al, encoding loci in the control of soil-salinity tolerance
2011), but is also a potential response signalling mediator (Supplementary Figure 2B). As transpiration is negligible in
(Miller et al, 2007, 2010; Achard et al, 2008; Kaye et al, 2011; in vitro grown plants, we propose that AtrbohF specifically
Mittler et al, 2011; Suzuki et al, 2011; Ma et al, 2012). We have conditions the transpiration-dependent aspects of soil-salinity
discovered a cellular signalling mechanism via which soil- tolerance. This proposal is strengthened by our observation
salinity-induced ROS regulates shoot Na homeostasis. This that a decrease in transpiration rate, either via genetic muta-
discovery rests on our initial observation that AtrbohF (a gene tion (e.g., AtCesA7""!; Figure 6A) or via an increase in
encoding an important NADPH oxidase regulator of ROS atmospheric relative humidity (Figure 7D-F), suppresses
production; Sagi and Fluhr, 2006) confers tolerance of high the soil-salinity hypersensitivity of atrbohF-F3. We conclude
soil salinity (Figures 1-3). Multiple distinct NADPH oxidases that AtrbohF specifically regulates transpiration-dependent
are encoded by the Arabidopsis genome (by genes AtrbohA- soil-salinity response and tolerance.

AtrbohJ; Sagi and Fluhr, 2006). Previous reports have When plants are grown under Na stress conditions, the
associated lack of AtrbohJ or AtrbohD function with in vitro accumulation of shoot Na* ions leads to cellular injury
salt hypersensitivity (atrbohJ; Kaye et al, 2011) or in vitro salt (arising from metabolic toxicity and/or osmotic stress; Zhu,
tolerance (atrbohD; Xie et al, 2011; Ma et al, 2012; Marino 2002; Munns and Tester, 2008). A previous report indicates
et al, 2012), and further studies suggest that AtrbohF acts that mutants lacking AtrbohF function accumulate similar to
redundantly with AtrbohD in regulating in vitro salt WT levels of Na when grown on high salt in vitro (Ma et al,
responses (Xie et al, 2011; Ma et al, 2012). However, these 2012). In contrast, our experiments have shown that AtrbohF-
previous and our own studies have shown that lack of dependent accumulation of ROS in root vasculature actually
AtrbohF function alone had no detectable effect on in vitro plays an important role in regulation of vascular Na
salt sensitivity (Supplementary Figure 1C; Xie et al, 2011; Ma concentration and consequent shoot Na concentration
et al, 2012). In marked contrast, we find that lack of AtrbohF (Figure 5). This difference is again attributable to large
function alone confers severe soil-salinity hypersensitivity, differences in transpiration rates in the two experimental
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Figure 6 rssl-1 is a novel mutant AtCesA7 allele. (A) Soil-grown plants (genotypes as indicated) grown under control conditions (Control)
and 7 days after salt treatment (Salt). Bar=1cm. (B) Chlorophyll content of soil-grown plants. Genotypes as indicated (salt treatments
were as described in Figure 1A). (C) The mutation causing rss1-1 phenotype. The top panel shows the 2-bp deletion ( — CA; highlighted by
the red arrow) that interrupts AtCesA7 in rssi-1. Reads from rssl-1 and atrbohF-F3 are aligned against TAIR9. The bottom panel shows the
genomic structure of AtCesA7. Blue boxes represent coding sequence, green boxes introns, open blue boxes untranslated regions (UTR).
(D) Demonstration that rss-1 is a mutant AtCesA?7 allele. atrbohF-F3/AtCesA7™3# is less sensitive to soil salinity compared to atrbohF-F3 and
shows a salt sensitivity similar to that of atrbohF-F3/AtCesA7™*'"!. Bar =1 cm.

systems (Figure 7). Our observations indicate that, when the
transpiration stream is functioning, and under high-salinity
conditions, loss of AtrbohF function increases root vascula-
ture Na levels (Figure 5F-N), increases xylem-sap Na con-
centration (Figure 5C), and in consequence increases delivery
of Na to the shoot, resulting in elevated shoot Na accumula-
tion (Figure 5A). This elevated accumulation of Na in the
shoot causes the visible damage associated with soil-salinity
hypersensitivity.

A previous report has shown that salinity tolerance can be
increased by engineered expression of HKTI in root stele
(Moller et al, 2009), indicating that stele-specific regulation of
Na concentration underlies salinity tolerance. In addition,
while previous reports have suggested that salinity stress
induces stele-specific ROS (Dinneny et al, 2008; Dinneny,
2010), the mechanism and biological significance of this
induction remained poorly understood. We here show
that salinity-induced ROS accumulation in the root stele
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is substantially attributable to AtrbohF function (Figure
4A-C), and that AtrbohF-dependent accumulation of ROS in
the stele confers regulation of shoot Na delivery and toler-
ance. We propose that, in WT root vasculature, localized salt-
induced increases in AtrbohF transcript levels (Figure 3A;
and also possible post-translational activation of AtrbohF
(Sirichandra et al, 2009; Yun et al, 2011) cause an increase
in AtrbohF activity, thereby increasing local ROS levels
(Figure 4A-C). The resultant elevated vascular ROS then
inhibits net accumulation of Na in the xylem sap and
transpiration stream (Figure 5C and F-O), thus protecting
cells of the shoot from the elevated Na* that would other-
wise be delivered to them. There is considerable experimen-
tal evidence that elevated ROS cause increased cytosolic free
Ca®* concentrations (Foreman et al, 2003), and that these
in turn can lead to improved cellular K/Na homeostasis
by enhancing Na*t extrusion and maintaining K" influx
(Demidchik et al, 2002; Zhu, 2002; Munns and Tester,
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Figure 7 The soil-salinity hypersensitivity of atrbohF-F3 is transpiration-dependent. (A, B) Comparison of transpiration rate of plants
(genotypes as indicated) under control conditions (A) or following salt treatment (B) over the experimental period (see Materials and
methods section). Values are means * s.e. of at least eight plants. (C) Shoot Na content of plants (genotypes as indicated) 0-7 days following
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salt hypersensitivity when grown at 90% relative humidity (RH; versus when grown at 50% RH). Appearance (D), chlorophyll content (E) and
shoot Na concentration (F) of Col-0 and atrbohF-F3 plants grown in conditions as indicated. Data are means + s.e. of two replicates.

2008). A speculative possibility is that increased ROS might
stimulate the activity of HKT transporters in the vasculature,
which are known to be important in controlling xylem-sap Na
levels and the consequential salt load on the shoot.

In summary, we have discovered a novel salinity-activated,
ROS-regulated, root-localized control on root-shoot Na trans-
port via the transpiration stream. This control contributes to
essential shoot ionic homeostasis in transpiring plants and
identifies a potential target for increasing the salinity toler-
ance of a wide range of agricultural crop species.

Materials and methods

Plant materials

The DELLA-deficient (gai-t6, rga-t2, rgll-1, rgl2-1 and rgl3-4; global)
progenitor, atrbohF-F3, atrbohD and atrbohF-F3/artbohD mutants
were as previously described (Torres et al, 2002; Belfield et al,
2012). atrbohl (N53622), atrbohJ, atrbohH (SALK_558170), atrbohE
(SALK_564850), atrbohC  (SALK_058191) and  AtCesA™3*
(SALK_029940C) mutant lines were obtained from the European
Arabidopsis Stock Centre (http://Arabidopsis.info).

Soil and hydroponic Arabidopsis culture

Soil: Seeds were sown on Erin Multipurpose compost (Erin
Horticulture; http://www.erinhorticulture.com) and grown in con-
trolled environments (16/8-h light/dark cycle, 22°C, 50-60% rela-
tive humidity). Hydroponics: Sterilized seeds were sown on sponges
(approximately 1 cm thick) saturated with % MS solution. The seeds
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were first stratified at 4 °C for 3 days in the dark. Subsequently, the
sponges were suspended over % MS solution. Plants were grown in
controlled environments as described above, and the }—l MS solution
was replaced with new media twice a week.

Mutant screen

Fast neutron-mutagenised M, global seeds (Belfield et al, 2012)
were sown on Erin Multipurpose compost, grown for 4 weeks
(conditions as above), then watered once to soil saturation with
120mM NaCl solution. After 5 days, all plants displaying salinity
hypersensitive phenotypes (bleached or pale leaves) were
transferred to normal soil and grown to seed set. To screen for
atrbohF-F3 suppressors, atrbohF-F3 seeds were fast neutron
mutagenised as in Belfield et al (2012). M, descendants were
screened as above, but salt-tolerant individuals (relative to
atrbohF-F3) were collected.

Salt treatment under agar plate conditions

Seven-day-old plants grown on MS agar plates (1% (w/v) sucrose);
16/8-h light/dark cycle, 22°C) were transferred to MS agar plates
(1% (w/v) sucrose) with a range of NaCl concentrations.

lllumina sequencing and detection of mutations

Genomic re-sequencing of sss1-1 and rssI-1 mutants was performed
at the Beijing Genomics Institute, China (using the Illumina
Genome Analyzer II platform). We followed previous protocols
(Jiang et al, 2011) to detect novel mutations versus progenitor
reference genomes (sssI-1 versus the global-reference sequence
(Belfield et al, 2012) and rssI-1 versus atrbohF-F3).
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Transcription analyses

Real-time PCR was performed as previously described (Jiang et al,
2007). Primer pairs used for PCR amplification of each gene were as
follows: AtrbohF: 5 rCAAGCATTGAGCCAAAACCT-3' and 5anTG
CTCCTTTGGCTGTGAGTA-3'; CBP20: 5 PGAAGGAAGACAATGG
GGCCG-3' and 5anCGGCCATAGCGATCATCGTC-3'.

Constructs and plant transformation

Approximately 2.3kb DNA upstream of AtrbohF was amplified
from Col-0 genomic DNA using the following primers: AtrbohF PF,
SPFGGGGACAAGTTTGTACAAAAAAGCAGGCTTCCCCAGTTATGTGT
GCATGT-3', and AtrbohF PR, 5SPRGGGGACCACTTTGTACAAGAAAG
CTGGGTCCAGATCCAAAGTCGGAATTC-3'. This fragment was cloned
into pMDC163 using Gateway Technology (Invitrogen) to generate
the pAtrbohF-GUS construct, which was then introduced into
Agrobacterium tumefaciens strain GV3101 and transformed into
the Col-0 laboratory strain.

Chlorophyll determination
We determined the chlorophyll content as previously described
(Jiang et al, 2007).

Cell-death staining and GUS staining

We stained dead cells with Trypan blue as previously described
(Carol et al, 2005), and performed GUS staining as described in
Jiang et al (2007).

Determination of ROS accumulation
NBT staining and formazan deposit qualification were as previously
described (Carol et al, 2005; Myouga et al, 2008).

Determination of transpiration rate

We determined the transpiration rate as previously described (Inan
et al, 2004). In brief, 4-week-old plants grown singly in 4-cm pots
were watered to soil capacity with water or 120 mM NacCl solution.
Pots were then sealed with plastic wrap, leaving shoots outside
the wrap (to avoid water loss from soil surface and bottom of
the pots), and weighed on an electronic balance every 2h for
2 days (measurements began 12h after treatments) to measure
transpiration rate.

Determination of ion content

Plant material was harvested, oven dried for at least 24h at
80°C and weighed. The material was then digested in concen-
trated (69%, v/v) HNOj for at least 12 h for elemental extraction.
Concentrations of Na and potassium were determined in appro-
priately diluted samples by atomic absorption spectrophotometry in
an air-acetylene flame (AAnalysis100: Perkin-Elmer; http://www.
perkinelmer.com).
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