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Abstract

Main conclusion Arabidopsis plants in NaCl suffering

half growth inhibition do not suffer osmotic stress and

seldom shoot Na1 toxicity; overaccumulation of Na1

plus K1 might trigger the inhibition.

It is widely assumed that salinity inhibits plant growth by

osmotic stress and shoot Na? toxicity. This study aims to

examine the growth inhibition of Arabidopsis thaliana by

NaCl concentrations that allow the completion of the life

cycle. Unaffected Col-0 wild-type plants were used to

define nontoxic Na? contents; Na? toxicities in shoots and

roots were analyzed in hkt1 and sos1 mutants, respectively.

The growth inhibition of Col-0 plants at 40 mM Na? was

mild and equivalent to that produced by 8 and 4 mM Na?

in hkt1 and sos1 plants, respectively. Therefore, these

mutants allowed to study the toxicity of Na? in the absence

of an osmotic challenge. Col-0 and Ts-1 accessions showed

very different Na? contents but similar growth inhibitions;

Ts-1 plants showed very high leaf Na? contents but no

symptoms of Na? toxicity. Ak-1, C24, and Fei-0 plants

were highly affected by NaCl showing evident symptoms

of shoot Na? toxicity. Increasing K? in isotonic NaCl/KCl

combinations dramatically decreased the Na? content in all

Arabidopsis accessions and eliminated the signs of Na?

toxicity in most of them but did not relieve growth

inhibition. This suggested that the dominant inhibition in

these conditions was either osmotic or of an ionic nature

unspecific for Na? or K?. Col-0 and Ts-1 plants growing in

sorbitol showed a clear osmotic stress characterized by a

notable decrease of their water content, but this response

did not occur in NaCl. Overaccumulation of Na? plus K?

might trigger growth reduction in NaCl-treated plants.

Keywords Arabidopsis � Osmotic inhibition � Salt
tolerance � Sodium toxicity

Introduction

Soil salinization by NaCl is a worldwide problem that

affects food security. This problem stems from the high

sensitivity of most plants to Na?, which is an abundant

cation in the Earth’s crust that accumulates in farming

lands through varied mechanisms (Hasegawa 2013). NaCl

decreases the osmotic potential of soil water and Cl- can

be toxic (Teakle and Tyerman 2010) but many deleterious

effects of NaCl in plants are currently explained by the

cellular accumulation of Na? (Blumwald et al. 2000;

Hasegawa et al. 2000; Munns and Tester 2008), which

occurs through processes that have been widely studied but

not thoroughly characterized (Amtmann and Sanders 1998;

Hasegawa 2013). Some plants, known as halophytes, tol-

erate high Na? concentrations, but most crop plants belong

to a much larger group of plants, known as glycophytes,

which are Na?-intolerant (Flowers et al. 2010; Rozema and

Schat 2013). This intolerance occurs at rather low Na?

concentrations and is related to a high Na? accumulation

that occurs in plants but that is a rare characteristic among

other living organisms. For example, at 145 mM Na? in

the extracellular medium, the intracellular Na? content of
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mammalian cells is 5–15 mM (Alberts et al. 2007), while

in contrasts, in the root cells of Arabidopsis and Thel-

lungiella, Na? concentrations in this range are attained at

5 mM external Na?, approximately (Alemán et al. 2009).

In contrast with the tendency of plants to accumulate

Na? when this cation is present in the external medium, the

currently accepted paradigm establishes that K? is the most

abundant cation in plant cells and that the substitution of

Na? for K? is toxic and causes the inhibition of plant

growth (Maathuis and Amtmann 1999; Blumwald et al.

2000; Horie et al. 2008; Munns and Tester 2008; Hauser

and Horie 2010). However, this notion of toxicity associ-

ated with the cytoplasmic presence of Na? originated from

studies with animal cells (Steinbach 1962 and references

therein), which evolved in Na? environments and are

efficient Na? excluders. It was later extended to plant cells

(Evans and Sorger 1966) with increasing emphasis over

time, paying insufficient attention to the specific charac-

teristics that plants acquire during their adaptation to the

environments where they evolved. In fact, the emergence

of terrestrial life in the Cambrian era and plant evolution

from bryophytes to angiosperms occurred in oligotrophic

environments where K? was released from rocks by a slow

process of weathering (Algeo and Scheckler 1998) and

where Na? could partially substitute for K? in both fungi

and plants (Rodrı́guez-Navarro and Rubio 2006; Benito

et al. 2011). This scenario would explain the existence of

high-affinity Na? transporters that can accumulate Na?

when K? limitation slows growth (Benito et al. 2004, 2012;

Haro et al. 2010; Schulze et al. 2012). The existence of

Na?-specific transporters questions the toxicity of Na? in

fungal and plant cells, because they would not provide a

real physiological advantage if Na? could not substitute for

a significant proportion of the cellular K?. Furthermore,

Na? is used also as a ‘‘cheap osmoticum’’ by plant cell

(e.g., Pardo and Quintero 2002; Flowers et al. 2015). In line

with these general notions many observations question the

imperative exclusion of Na? from the cytosol as a plant

cell dogma (Cheeseman 2013; Kronzucker et al. 2013).

Consistent with the economic importance and physio-

logical relevance of salt intolerance in plants, the research

performed on this subject has been very extensive; an indi-

cator of this activity is the number of reviews, which was

more than 200 between 2000 and 2012 (Cheeseman 2013).

However, a clear model that explains salt tolerance, salt

stress, and Na? toxicity is still pending (Cheeseman 2013;

Kronzucker et al. 2013). The main reason for the apparent

contradiction that exists between the large amount of

information and the absence of concrete models is probably

due to variability in the strategies that different plants have

independently developed to adapt to salinity (Flowers et al.

2010; Bennett et al. 2013; Rozema and Schat 2013). Another

reason might be an excessive focus on short-term shock

treatments (Cheeseman 2013), which might have failed to

provide crucial data to describe salt effects.

Even assuming a large diversity of salt adaptations, a

parallel approach to studies of many plant species is to

intensify the study of a few model species, to construct

comprehensive models that later can be adapted to the

characteristics of other plants. Arabidopsis is one of these

model plants (Zhu 2000; Moller and Tester 2007) for two

main reasons: the extensive genetic resources that are

available and the large natural variability in NaCl tolerance

among accessions (Labidi et al. 2002; Rus et al. 2006;

Baxter et al. 2010; Katori et al. 2010). In the currently

accepted model, Arabidopsis responds to toxic levels of

Na? as a typical glycophyte, over-accumulating Na? in

leaves and suffering premature leaf senescence (Horie et al.

2009; Hauser and Horie 2010). However, as already

mentioned, this model is questioned and, in fact, it does not

integrate tissue tolerance and osmotic effects, which are

important components of the plant response to NaCl

(Moller and Tester 2007; Jha et al. 2010; Rahnama et al.

2010; Roy et al. 2014; Flowers et al. 2015). Therefore,

before extensive genetic studies are tackled, Na? toxicity

in Arabidopsis requires a more extensive characterization.

This conclusion also applies to osmotic and other effects

that might not be specific of Na?.

In addition to natural variability, the inhibitory effect of

Na? is greatly increased in some Arabidopsis mutants, in

which Na? transport is affected. This occurs because inde-

pendently of its specific toxicity, the leaf Na? content

depends on the Na? taken up from the soil, its accumulation

in the root symplast, and subsequent long-distance transport

to leaves. This transport occurs via two well-characterized

processes that operate in opposite directions, one charging

Na? from the root symplast into the xylem and the other

retrieving Na? from the xylem to the root symplast. The

former is mediated by the SOS1 (salt-overly sensitive)

antiporter, which alsomediates the efflux of cytosolicNa? to

the soil solution, and the latter, by the HKT1 (high-affinity

K? transporter) Na? transporter. In Arabidopsis, the genes

that encode these two transporters have been cloned and the

corresponding knockout mutant lines have been identified

and used to study the function of the SOS1 and HKT1

transporters on the distribution of Na? in the plant (Daven-

port et al. 2007). Therefore, these mutants are useful tools to

study Na? toxicity. The characterization of other effects

might be a more complex task, but is achievable.

This study aimed to define further the response of

Arabidopsis to Na?, at NaCl concentrations that plants can

tolerate without interrupting their life cycle, mimicking

farming in NaCl-contaminated soils, where crops are har-

vested, albeit with a lower productivity. Our first goal was

to determine the detrimental effects of Na? toxicity on both

roots and shoots in the absence of osmotic stress. For this
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purpose we used the sos1 and hkt1 mutants. The second

goal was to establish the causes by which NaCl inhibits the

growth of Arabidopsis, integrating Na? toxicity and the

osmotic response.

Materials and methods

Plant material

Seeds of Arabidopsis thaliana (L.) Heynh. accessions were

obtained from Carlos Alonso-Blanco and Rhonda Meyer.

Seeds of gl1, gl1 sos1-1 (Wu et al. 1996) and gl1 hkt1-4

(Rus et al. 2004) were obtained from José Manuel Pardo.

Hydroponics

Seeds were surface-sterilized according to standard proto-

cols, stratified for 48 h at 4 �C in water in the dark and

sown on 0.6 % agarose in Araponics seedholders

(Araponics NV, Liege, Belgium). The seedholders were

then placed into hydroponic boxes with a culture medium,

which was based on that used in previous studies (Alemán

et al. 2009), consisting of 1.4 mM Ca(NO3)2, 0.2 mM

MgSO4, 0.2 mM H3PO4, 1.0 mM KCl and the following

micronutrients: 25 lM H3BO3, 20 lM Fe-EDTA (from

H4EDTA), 2 lM MnSO4, 2 lM ZnSO4, 0.5 CuSO4,

0.5 lM (NH4)6Mo7O24. The pH was adjusted to 5.7 with

Ca(OH)2. The Na? content of this medium was from 2 to

3 lM. Plants were grown in Araponics boxes with from 8

to 12 plants (see, for example, Fig. 3), and the medium was

replaced every week. The plants were grown under a

16/8 h light/dark cycle at 23 �C with an irradiance of

110 lmol m-2 s-1 in a CONVIRON MTR30 growth

chamber (Conviron E15; Controlled Environments Ltd.,

Winnipeg, Manitoba, Canada). In many assays, plants were

grown beyond the flowering stage because the uneven

distribution of Na? in Arabidopsis shoots (Berthomieu

et al. 2003) might imply changes in the relationship of

Arabidopsis plants with Na? during the life cycle. In our

conditions, 3-week-old Col-0 plants showed a small inflo-

rescence (\10 % rosette weight) in a small number of

plants. Four-week-old plants showed an actively growing

green rosette that had not initiated senescence; the flow-

ering stem weighed approximately the same as the rosette

and the first siliques of the main stalk were almost full-

length but were still completely green.

Testing approach

To decrease size variability, we grew the plants for

2 weeks at 1.0 mM K? and 0.2 mM Na? and for two

additional weeks at the tested Na? concentrations

(Supplemental Fig. S1a). We always maintained a small

concentration of Na? in the culture medium because the

growth of Arabidopsis plants might be slightly stimulated

by Na? in hydroponic cultures; the optimal Na? concen-

tration in the Col-0 accession might be in the 5–10 mM

range (at 1 mM K?). However, our control plants were

grown at 0.2 mM Na? to ensure that hkt1 and sos1 plants

were not Na? inhibited in control conditions; preliminary

experiments showed that this Na? concentration was suit-

able for our purposes. Plants were sampled after one and

2 weeks in Na? (Supplemental Fig. S1a) to avoid that

transitory growth arrests or delays (Munns 1993) mislead

the conclusions. It is worth noting that by weighing the

plants several days following exposure to NaCl and com-

paring with control plants, a transitory arrest of growth

followed by growth restoration cannot be distinguished

from a permanent low growth rate. Similarly, if growth

inhibition started 3 or 4 days after the addition of Na?, its

quantification by weighing the plants after 5 days in Na?

would be erroneous. In our conditions, these transitory

effects lasted less than 1 week and the increase in weight

during the second week in Na? should reflect the actual

growth rate of the plants at the tested Na? concentration.

We describe the tested plants as 1-week- or 2-weeks-in-

Na? plants. For simplicity, we also use these names for

control plants in 0.2 mM Na?, which should be properly

named 3- and 4-week-old plants. Basic data in this study

were obtained with the hkt1-4 and sos1-1 mutants, which

also carry the gl1 mutation. Although preliminary experi-

ments showed that the gl1 mutation did not affect the Na?

tolerance of Col-0 plants (not shown), experiments with

hkt1-4 and sos1-1 plants were performed in parallel with

gl1 plants, which were taken as controls.

Plants germinated in Na1

Following the approach described above, plants showed

little size variability within the same experiment, which

allowed more robust statistical analyses with lower number

of plants. Preliminary experiments showed that this

approach did not modify either growth inhibition or plant

Na? contents in comparison to plants that had been grown

continuously in Na?. To confirm this finding we studied

plants that were permanently grown at 40 mM NaCl. For

this purpose, after stratification, the seedholders were

transferred to the hydroponic medium supplemented with

40 mM NaCl. Afterwards, plants were handled as descri-

bed above.

Vertical plates

Sterilized seeds were placed on square plates with half-

strength Murashige & Skoog (MS) medium (Duchefa
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Biochemie B.V., Haarlem, The Netherlands). This medium

was supplemented with 1.0 % sucrose and 0.8 % agarose.

Seeds were stratified for 48 h at 4 �C in the dark and then

the plates were positioned vertically in a growth chamber

under a 16/8 h light/dark cycle at 21 �C. Five-day-old

seedlings were transferred to plates with the hydroponic

medium described above supplemented with 1.0 %

sucrose, 0.8 % agarose, and the required amount of NaCl,

as stated in each case. The Na? concentration in the

agarose base medium was from 9 to 11 lM.

Culture vessels

Sterilized seeds were placed on ECO2boxes (Duchefa

Biochemie B.V., Haarlem, The Netherlands) containing

180 ml of 0.25x strength MS medium supplemented with

1 % sucrose and 0.4 % agarose. This medium was further

supplemented with the required concentration of cations

(the base medium contained 5 mM K? and 0.1 mM Na?)

or sorbitol. In some experiments the hydroponic medium

described above substituted for the 0.259 strength MS

medium. The seeds were stratified for 48 h at 4 �C in the

dark and then the vessels were transferred to a growth

chamber under a 16/8 h light/dark cycle at 21 �C. The

shoots of 2-week-old seedlings were collected in groups of

five to seven plants of similar size. The seedlings obtained

by this procedure grew slowly and showed large size

variability. Therefore, we did not make growth rate com-

parisons between treatments in this approach. In contrast,

fresh weight and K? and Na? contents referred to dry

weight showed a low variability, which allowed compar-

isons between treatments that were statistically highly

significant.

Cation contents

The roots of hydroponic plants were washed for 20 min in

pH 6.5, 10 mM Mes-Ca2? buffer (the time course of K?

and Na? losses in small roots demonstrated that a washing

time of 5 min is sufficient to eliminate the external cations

but that a significant loss of these ions from the root

symplast did not occur in 30 min). Shoots and roots were

then separated, dried at 65 �C for 2 days, weighed, and

digested with 1 M HNO3 for 2 days at room temperature.

The K? and Na? concentrations were determined by

atomic emission spectrophotometry and the K? and Na?

contents referred to the dry weight of the tissue. The Na?/

K? molar ratios were obtained directly from the cation

concentrations in the nitric extracts without considering the

weight of the plant material. The roots of seedlings from

vertical plates were washed in distilled water and shoots

and roots were digested with 1 M HNO3 for 2 days at room

temperature. In these seedlings, only the Na?/K? molar

ratios were determined. Although Na? content could be

similarly expressed in terms of dry weight or Na?/K?

molar ratio, we used the Na?/K? molar ratio as a practical

indicator of the Na? content of the organs of the plant. This

ratio has two advantages over expressing the Na? content

by dry weight: it takes into account the K? content, which

in the other case is not considered and can be determined

even when roots are small and cannot be accurately

weighed, which occurred frequently in Na? inhibited roots

(see below a more extensive discussion).

Anthocyanin analysis

Leaf tissue from plants grown in the selected conditions

were ground in liquid nitrogen with mortar and pestle;

samples of approximately 100 mg were processed imme-

diately or maintained frozen at -80 �C. Samples of ground

tissue were suspended in 0.6 mL 1 % HCl in ethanol,

vortexed and incubated at 4 �C for 2 h, centrifuged twice,

and the absorption determined at 530 nm; the contents

were expressed in A530 g
-1 fresh weight (Ronchi et al.

1997).

Statistical analyses

The results were obtained during a period of one and a half

year; the time between two repetitions of the same treat-

ment was many weeks or months. In repetitions of the same

treatment the weight of plants showed notable variability,

but the variability was smaller when the repetitions were

performed in parallel in boxes handled simultaneously

using the same batch of seeds. Each experiment included a

box of plants at 0.2 mM Na? as a reference for all treat-

ments in that experiment. Weights of tested and control

plants at 0.2 mM Na? were always proportional. In con-

trast to the variability in weight, the K? and Na? contents

referred to either dry weight or Na?/K? molar ratios were

fairly constant even in repetitions in which the 0.2 mM

Na? controls showed maximum or minimum weight val-

ues. The only exception was the Na?/K? molar ratio in the

rosettes of 2-weeks-in-Na? Col-0 plants because it

depended on the size of the inflorescence (see below). In

some treatments the roots of 1-week-in-Na? plants

weighed 1 mg or less and their Na? content expressed with

reference to dry weight had a low reliability. In these cases,

the Na?/K? ratio was highly consistent across repetitions

of the same experiment and, therefore, we report only this

ratio. The gl1, sos1, and hkt1 mutations did not apparently

affect the growth of Arabidopsis plants under control

conditions. The weight of plants obtained from high quality

seeds of Col-0, gl1, gl1 sos1-1, and gl1 hkt1-4 lines ger-

minated and grown in parallel at 0.2 mM Na? were not

significantly different in experiments with 6–10 plants.
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All treatments were repeated at least three times, using

eight plants per treatment, but many treatments were

repeated more times because they were included in several

sets of treatments. The results reported in figures or tables

correspond to one experiment including all treatments in

parallel. All repetitions led to exactly the same conclusions

although the weights of plants were different.

Figures and tables show the mean and standard devia-

tion of the data. Significant differences between means

were determined by the Student’s t test; statistical signifi-

cance was set at P\ 0.01.

Results

Organ distribution and temporal evolution of Na1

in Col-0 plants

Attending to the inhibitory effect of NaCl on Col-0 plants

(see below), we fixed 80 and 20 mM NaCl concentrations

as the upper and lower limits of our study. Within this

range of concentrations, inflorescences were the organs

with the lowest Na? content and rosettes showed the

highest content (Table 1; Supplemental Tables S1 and S2).

Regarding temporal evolution, the comparison between

1-week- and 2-weeks-in-Na? provided two interesting

observations: the Na?/K? ratio in roots was practically

constant, whereas that in rosettes increased dramatically

after bolting. This increase was the consequence of the Na?

excluded from the inflorescence while the Na? content of

the shoot (rosette and inflorescence) remained constant

with reference to its dry weight (Supplemental Fig. S1b

summarizes these changes in terms of the Na?/K? ratio in

plants growing at 40 mM NaCl). This temporal evolution

could be confounded with a permanent Na? increase as

leaves age (Tester and Davenport 2003), which might

complicate the analysis of the toxic effects of Na?. How-

ever, we found that this permanent increase did not occur

in Col-0 plants, which reached an almost constant Na?

content approximately 5 days after being exposed to 40

and 60 mM NaCl; only at 80 mM NaCl there was a

statistically significant 35 % increase of the shoot Na?

content during the second week in Na? (the increase of the

Na? content during the second week in NaCl can be cal-

culated by comparing 1-week- and 2-weeks-in-Na? plants

in Supplemental Tables S1 and S2).

To confirm the absence of a permanent increase of the

Na? content of shoots, we performed an additional

experiment in which Na? was added to the plants 1 week

earlier than in the standard procedure. After 2 weeks in

Na? these plants did not bolt and the mean Na?/K? ratio in

the rosettes (2.0 ± 0.4) was not significantly different from

the corresponding mean found in our standard 1-week-in-

Na? plants (1.8 ± 0.3 in Table 1). This result demon-

strated that, in our standard conditions, the increase of the

Na? content of Col-0 rosettes during the second week in

Na? was due to the growth of the inflorescence.

Na1 content and growth of Col-0 plants

In 2-weeks-in-Na? plants, 20 mM NaCl either did not

affect growth, in most repetitions, or reduced the shoot

weight (rosette plus inflorescence) by less than 10 % as

compared to control plants. At 60 and 80 mM NaCl the

weight of shoots was reduced to approximately one-half

and one-third, respectively (Fig. 1; Supplemental

Tables S1 and S2). In roots, the response followed the same

pattern but was more difficult to quantify because of their

small size in 1-week-in-Na? plants. All these responses

were similar to those reported previously (Labidi et al.

2002; Alemán et al. 2009; Kaddour et al. 2010) for Col-0

plants at 50 mM NaCl; this is relevant because the testing

conditions differed between studies. Performing the

experiments as described here, the bolting time was not

changed by the NaCl treatments. The inflorescence/rosette

weight ratio might be slightly affected at high Na? con-

centrations, but this was not quantified. In plants growing

at 60 and 80 mM NaCl, many leaves were yellowish (see

below); this response was also observed at 40 mM Na? but

was less severe and occurred during the second week.

To determine the Na? levels that were or were not toxic

in Col-0 plants, the growth of the inflorescence created a

Table 1 Na?/K? molar ratios

of Col-0 plants growing at

increasing NaCl concentrations

up to 80 mM

NaCl (mM) 1 week in Na? 2 weeks in Na?

Root Rosette Root Rosette Inflorescence

0.2 \0.01 0.018 ± 0.004 \0.01 \0.01 \0.01

20 0.32 ± 0.03 0.66 ± 0.05 0.39 ± 0.03 1.3 ± 0.3 0.19 ± 0.03

40 0.78 ± 0.12 1.8 ± 0.3 0.86 ± 0.05 5.2 ± 1.4 0.51 ± 0.14

60 1.3 ± 0.3 2.8 ± 0.2 1.46 ± 0.12 11.3 ± 2.6 0.79 ± 0.09

80 1.3 ± 0.2 4.3 ± 0.5 1.62 ± 0.05 14.9 ± 1.7 1.5 ± 0.5

Mean values ± SD, n = 8
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problem because it produced a continuous increase of the

rosette Na? content. Moreover, it was obvious that the

reduction of the growth rate by a toxic Na? level might not

occur immediately. Therefore, the toxicity of Na?/K?

molar ratios was assessed in 1-week-in-Na? plants by

considering whether 2-weeks-in-Na? plants were normal

or growth inhibited. As described above, at 20 mM NaCl,

the weight of 2-weeks-in-Na? Col-0 plants was not affec-

ted with reference to control plants (Fig. 1). This implied

that the Na?/K? molar ratios in roots and rosettes in

1-week-in-Na? plants, 0.32 and 0.66, respectively

(Table 1), were perfectly tolerated by the plants. A similar

analysis for 40 mM NaCl plants, which were growth

inhibited, suggested that Na?/K? ratios of 0.78 in roots or

1.8 in shoots might be associated to Na? toxicity (Fig. 1;

1-week-in-Na? plants in Table 1). However, this toxicity

was only a possibility because it was unknown whether the

inhibition at 40 mM NaCl was due to Na? toxicity in roots

or shoots or produced by the osmotic stress while Na? was

innocuous. In other words, healthy plants at 20 mM NaCl

suffered neither Na? toxicity nor other type of inhibition

but growth inhibition at higher NaCl concentrations might

result from multiple causes.

Next, we addressed Na?-specific effects at low Na?

concentrations (\20 mM NaCl) using the hkt1 and sos1

mutants.

Na1 toxicity in the shoots of hkt1 plants

It is well established that hkt1 plants have a defective

retrieval of Na? from the xylem sap and show an exag-

gerated delivery of Na? to the shoot (Mäser et al. 2002;

Berthomieu et al. 2003; Rus et al. 2004, 2006; Sunarpi

et al. 2005; Davenport et al. 2007). Consequently, we

found higher shoot Na? content in hkt1-4 versus gl1 plants

(Table 2; Supplemental Tables S3 and S4) and a high Na?

sensitivity of hkt1-4 plants (Fig. 2). The higher shoot Na?

content was evident even in control plants at 0.2 mM Na?,

but was more evident at higher Na? concentrations. A

convenient parameter to characterize hkt1-4 plants was the

rosette-Na?/root-Na? ratio in 1-week-in-Na? plants, which

had only two compartments: shoots and roots (Supple-

mental Fig. S1b). In gl1 plants the rosette-Na?/root-Na?

ratio amounted to from 2 to 3 at all NaCl concentrations

that we tested, whereas it amounted to 8 and 69 in hkt1-4

plants at 0.2 and 4.0 mM Na?, respectively. At 8.0 mM

Na?, where hkt1-4 plants were mildly inhibited (see

below), the rosette-Na?/root-Na? ratio amounted to 91

(Table 2). In terms of inflorescence/rosette Na? distribu-

tion hkt1-4 plants were similar but not identical to wild-

type plants (compare 20 mM Na? in Table 1 with 4.0 mM

Na? hkt1-4 plants in Table 2; a more complete comparison

can be made in Supplemental Tables S2 and S4). These

observations are consistent with previous descriptions

(Berthomieu et al. 2003).

At 8.0 mM NaCl the shoot growth of hkt1-4 plants was

reduced by 25 % (Fig. 2), which was equivalent to that

produced by 40 mM Na? in Col-0 plants. The root Na?/K?

ratio of 8.0 mM Na? hkt1-4 plants was much lower than

those of 8.0 mM Na? gl1 and 20 mM Na? Col-0 plants,

which were not inhibited (0.02 versus 0.1 and 0.3,

respectively). These data demonstrated root Na? toxicity

was not the cause of growth inhibition in 8.0 mM Na?

hkt1-4 plants. Considering that hkt1-4 plants in 4 mM Na?

were unaffected and in 8 mM Na? were inhibited (Fig. 2),

the rosettes of these plants provided the Na?/K? ratios that

were associated with Na? leaf toxicity in Col-0 plants: a

ratio around 1.0 was not toxic whereas a ratio of 2.0 was

toxic (Table 2). Shoot Na? toxicity has been associated

with senescent-like yellow leaves (e.g., Rajendran et al.

2009); in 8.0 mM Na? hkt1-4 plants, the first yellow leaves

appeared after 10 days in Na? when growth had clearly

decreased. After 2 weeks, the first pair of leaves was

affected in most but not in all plants. This suggests that

senescent-like yellow leaves were a clear symptom of

shoot Na? toxicity in Col-0 plants but of late onset.

Despite their low Na? content the roots of Na?-inhibited

hkt1-4 plants were smaller than those of control plants

(Supplemental Table S4), which suggested that their slow

growth rate was induced by the inhibited shoots.

Na1 toxicity in the roots of sos1 plants

Next we tested sos1-1 plants, for which a defective Na?

efflux from root cells to the external medium and a

defective loading of Na? from the root symplast into the

xylem have been described (Davenport et al. 2007; Qiu

et al. 2003; Shi et al. 2000, 2002). Consistent with these

defects, sos1-1 plants had an excess of Na? in the roots,

which was clearly detected even in control plants at

Fig. 1 Inhibitory effect of NaCl on the growth of shoots of Col-0

plants. One-week- and 2-weeks-in-Na? plants
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0.2 mM Na?. The rosette-Na?/root-Na? ratio in sos1-1

plants was 1.0–1.2 (Table 2).

sos1-1 plants tolerated approximately ten-fold less Na?

than Col-0 or gl1 plants (Fig. 2). At 2.0 mM Na?, sos1-1

plants showed weak inhibition of rosette growth (prelimi-

nary experiments showed that 0.2 and 1.0 mM Na? sos1-1

plants were identical; the real limit of Na? tolerance in

sos1-1 plants is probably slightly less than 2.0 mM). At

higher NaCl concentrations, there were no equivalent

inhibitions in sos1-1 and Col-0 plants when both roots and

shoots were considered, because of the remarkable root

growth inhibition in sos1-1 plants, which was almost total

by as little as 4.0 mM Na? (Fig. 2). In terms of the inhi-

bition of shoot growth, sos1-1 plants growing at 4.0 mM

Na? could be roughly compared with 40 mM Na? Col-0

plants. The shoot Na?/K? ratio of 4.0 mM Na? sos1-1

plants was lower than those of 20 mM Na? Col-0 and

4.0 mM Na? hkt1-4 plants, which were not inhibited (0.54

versus 0.66 and 0.97, respectively, in 1-week-in-Na?

plants). Therefore, 4.0 mM sos1-1 plants were not inhib-

ited by shoot Na? toxicity.

The highly inhibited root growth in 4.0 mM Na? sos1-1

plants (Fig. 2) took place when the root Na?/K? ratio was

0.56 (1-week-in-Na? plants in Table 2), which indicated

that this ratio was associated to root Na? toxicity. Unfor-

tunately, the continually increasing Na? content in sos1-1

roots made it difficult to determine the limit of the non-

toxic Na? content in roots. However, we can establish that

a Na?/K? ratio of 0.32 was not toxic (1-week-in-20 mM

Na? Col-0 plants; Table 1).

Although the shoot Na? content of sos1-1 plants in

4.0 mM Na? was lower than the toxic limit, shoot growth

was inhibited, which indicated that shoot inhibition

occurred as a consequence of root inhibition.

Table 2 Na?/K? molar ratios and rosette/root Na? distribution in gl1, hkt1-4, and sos1-1 plants growing at different Na? concentrations

Line Na? (mM) 1 week in Na? 2 weeks in Na?

Root Na?/K? Rosette

Na?/K?
Rosette/root

Na? ratioa
Root Na?/K? Rosette

Na?/K?
Inflorescence

Na?/K?

gl1 0.2 0.008 ± 0.001 0.020 ± 0.002 2.5 0.0050 ± 0.0004 0.013 ± 0.001 0.007 ± 0.001

gl1 2.0 0.025 ± 0.003 0.078 ± 0.012 3.1 0.020 ± 0.002 0.064 ± 0.008 0.017 ± 0.003

gl1 4.0 0.053 ± 0.001 0.16 ± 0.04 3.0 0.045 ± 0.004 0.21 ± 0.05 0.04 ± 0.01

gl1 8.0 0.10 ± 0.01 0.23 ± 0.03 2.3 0.10 ± 0.01 0.33 ± 0.06 0.07 ± 0.01

hkt1-4 0.2 0.005 ± 0.001 0.041 ± 0.003 8.2 0.0046 ± 0.0004 0.040 ± 0.005 0.013 ± 0.002

hkt1-4 4.0 0.014 ± 0.002 0.97 ± 0.09 69 0.017 ± 0.003 1.3 ± 0.2 0.22 ± 0.02

hkt 1-4 8.0 0.022 ± 0.002 2.0 ± 0.2 91 0.025 ± 0.003 5.0 ± 1.3 0.46 ± 0.09

sos1-1 0.2 0.024 ± 0.002 0.028 ± 0.003 1.1 0.040 ± 0.002 0.020 ± 0.002 0.022 ± 0.003

sos1-1 2.0 0.17 ± 0.05 0.21 ± 0.02 1.2 0.41 ± 0.02 0.24 ± 0.04 0.17 ± 0.01

sos1-1 4.0 0.56 ± 0.04 0.54 ± 0.06 1.0 1.8 ± 0.2 1.00 ± 0.12 0.37 ± 0.03

Mean values ± SD, n = 8
a Calculated from Na?/K? ratios

Fig. 2 Growth inhibition in

2-weeks-in-Na? hkt1-4 and

sos1-1 plants by low Na?

concentrations that are

innocuous in control gl1 plants.

Same letter in the same organ of

plants in different conditions

indicates that the means are not

statistically different
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Symptoms of shoot and root Na1 toxicities

The experiments described above with hkt1-4 and sos1-1

plants addressed Na? toxicity in shoots and roots at mild

inhibitions. To investigate the differences between shoot

and root toxicities in more detail, we used more drastic

inhibitions, growing hkt1-4 and sos1-1 plants in parallel at

16 and 5.0 mM Na?, respectively. We selected these

concentrations because they produced similar growth

inhibitions of the shoots of both plant lines (approximately

60 %), but the plants survived and produced flowers.

In these tests, the transfer of 2-week-old plants to the

selected Na? concentrations did not produce immediate

effects. The fourth day, Na? inhibited and control plants

did not show appreciable size differences, but 1 week after

the transfer, the differences were clear (Fig. 3a). At this

time, some of the oldest leaves of 16 mM Na? hkt1-4

plants were slightly yellowish and the leaves of 5.0 mM

Na? sos1-1 plants were slightly darker green. After

2 weeks in Na?, the size difference between Na?-inhibited

and control plants (0.2 and 16 mM Na? gl1, 0.2 mM Na?

hkt1-4 and sos1-1 plants) was notable (Fig. 3b). In addi-

tion, hkt1-4 rosettes showed many senescent-like yellow

leaves and many leaves of sos1-1 plants were purple and

darker green, resembling a mild dwarf defect (Clouse and

Langford 1996). The roots of hkt1-4 and sos1-1 plants were

also smaller than those of control plants and sos1-1 roots

were much smaller than hkt1-4 roots (Fig. 3b). Consistent

with the aforementioned causes of the inhibitions in hkt1-4

and sos1-1 plants, the Na?/K? ratios revealed the expected

shoot and root Na? toxicities (in 1-week-in-Na? plants the

Na?/K? ratios were: 16 mM Na? hkt1-4 plants,

root = 0.04 ± 0.01, rosette = 12 ± 1; 5.0 mM Na? sos1-

1 plants, root = 2.2 ± 0.3, rosette = 1.4 ± 0.1).

The shoot anthocyanin content was an excellent indi-

cator of root Na? toxicity in our experiments. In 1-week-

in-Na? plants, 16 mM Na? hkt1-4 and 5.0 mM Na? sos1-1

plants had similar shoot anthocyanin contents that were

approximately four times higher than in all control plants

(0.2 and 16 mM Na? gl1, 0.2 mM Na? hkt1-4 and sos1-1

plants; A530 g-1 FW = 1.0 ± 0.4). In 2-weeks-in-Na?

plants, the differences increased notably because whereas

the anthocyanin content of 16 mM Na? hkt1-4 and control

plants did not increase appreciably during the second week

in Na?, that in 5.0 mM Na? sos1-1 increased more than six

times (A530 g
-1 FW = 26.1 ± 0.8; Supplemental Fig. S2).

In summary, although the inhibition by Na? in 16 mM

Na? hkt1-4 and 5.0 mM Na? sos1-1 plants was originated

in shoots and roots, respectively, shoot observation alone

was not sufficient to distinguish both types of inhibition. A

distinction was possible in terms of the senescent-like

yellow leaves of hkt1-4 plants and the darker green and

purple color of sos1-1 plants but only after many days of

exposure to Na? in plants that were highly inhibited.

Alternative tests for Na1 toxicity evaluation

To rule out specific effects of our tests of Na? tolerance,

we compared our results to those obtained using two

alternative methods for testing Na? tolerance: germinating

and growing the plants in Na? and testing only root growth

in agar plates.

Two-week-old Col-0 plants germinated and grown at

40 mM Na? showed high size variability and were clas-

sified into three groups, large, medium, and small. Plants of

these three groups grew at similar rates during the last

week in Na? (same weight ratio between 4- and 3-week-

old plants in both cases) and the corresponding Na? con-

tents in roots, shoots, and inflorescences were not signifi-

cantly different. Comparing these plants with those

germinated at 0.2 mM Na? and transferred to 40 mM we

found that the two types of plants were very similar in

growth rate during the last week in Na? and Na? content.

The only notable difference was in the inflorescence, which

was smaller and showed a higher variability in size in the

plants that were permanently grown in Na?.

The nondestructive method of measuring root growth in

agar plates has been widely used to characterize responses

to NaCl (Liu and Zhu 1997; Zhang et al. 2011; Shelden et al.

2013) and is an attractive method for genetic studies.

Therefore, we compared this and the hydroponic method in

the characterization of the effect of NaCl in hkt1-4 and sos1-

1 plants. For this purpose, five-day-old seedlings grown in

half-strength MS medium were transferred to the medium

that was used in the hydroponic cultures supplemented with

sucrose, agarose, and increasing NaCl concentrations from

0.2 to 100 mM. After 48 h of adaptation to this new med-

ium, root length growth was monitored for seven additional

days. Although root growth was not linear with time, the

mean growth rate in this period expressed as growth in 24 h

was sufficiently precise for our purposes. The root growth

test revealed the sensitivity of sos1-1 plants to Na? but did

not detect the Na? sensitivity of hkt1-4 plants (Fig. 4).

NaCl inhibition in Col-0 and Ts-1 plants is

not dominated by Na1 toxicity

The second goal of this study was to determine the basis of

growth inhibition of Arabidopsis by NaCl. We have already

estimated the Na?/K? ratios that were associated to Na?

toxicity in rosettes and roots in the absence of osmotic

stress. The comparison of these ratios with those in Col-0

plants growing in increasing NaCl concentrations (Table 1)

predicted that Na? intoxication in rosettes and roots was
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mild at 40 mM and severe at 60–80 mM NaCl. Considering

this comparison, it was evident that Na? toxicity in either

shoots or roots might be the cause of the growth inhibition

of Col-0 plants by NaCl (Fig. 1). However, this coincidence

neither demonstrated this causality nor ruled out other types

of inhibitions. Therefore, our next step was to investigate

other causes of inhibitions and, for this purpose, we decided

to use an additional accession, Ts-1. This accession carries a

hypomorphic HKT1 gene that leads to high Na? content in

shoots and, remarkably, to increased Na? tolerance (Rus

et al. 2006; Baxter et al. 2010).

Experiments with Ts-1 plants (Fig. 5; Table 3; Supple-

mental Table S2) similar to those performed with Col-0

plants (Fig. 1; Table 1) revealed that the response of these

two accessions to NaCl was similar in terms of growth and

very different in terms of Na? content and rosette-

Na?/root-Na? ratio (in Col-0 plants this ratio should be

calculated in 1-week-Na?-plants, before bolting, but this

requirement does not apply to Ts-1 plants because they did

not bolt in 4 weeks). For example, in 2-weeks-in 60 mM

NaCl Ts-1 plants, the shoot and root Na?/K? ratios were

8.8 and 0.28, respectively, to be compared with 2.8 and 1.3

in 1-week-in-Na? Col-0 plants. Despite the high Na? in

shoots in Ts-1 plants in 60 or 80 mM NaCl, only the

cotyledons and occasionally the first two leaves showed a

senescence-like yellowing, which was shown by many

leaves of Col-0 plants at these NaCl concentrations.

The similarities and contrasts between the responses of

Col-0 and Ts-1 plants to NaCl suggested that Na? toxicity

in either shoot or roots did not dominate the observed

growth inhibitions. To demonstrate this conjecture we used

isotonic combinations of KCl and NaCl (Lauter et al. 1988;

Fig. 3 Physical appearance of

hkt1-4 and sos1-1 plants

growing at 16 and 5 mM Na?,

respectively, in comparison to

controls: 0.2 mM Na? gl1, hkt1-

4, and sos1-1 plants, and 5 and

16 mM Na? gl1 plants. Plants

were grown for 2 weeks at

0.2 mM Na? and transferred to

the indicated Na?

concentrations. a and b,
1-week- and 2-weeks-in-Na?

plants, respectively
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Benlloch et al. 1994; Kinraide 1999) that together amounted

to 60 mM. By this procedure the Na?/K? ratio in roots and

shoots can be changed dramatically and the effect of this

change on the growth of the plant can be easily tested. An

excess of KCl might lead to an excess of K? in leaves and

K? toxicity but combinations of KCl and NaCl are less

toxic than any of these salts alone (Benlloch et al. 1994;

Kinraide 1999). In any case, our tests were performed at K?

concentrations that were below toxic levels. In our cultural

conditions, KCl was not toxic up to 20 mM; K? concen-

trations of 5 and 10 mM are equivalent to 0.25x and

0.5 9 strength MS medium (Murashige and Skoog 1962).

Above 20 mM, KCl was much more toxic than NaCl.

In these experiments, 2-week-old Col-0 and Ts-1 plants

were grown for two additional weeks in several combina-

tions of KCl and NaCl (mM): 5–55, 10–50, and 20–40, in

parallel with our control (0.2 mM Na?; 1–0.2 in Fig. 6)

and inhibited (60 mM NaCl; 1–60 in Fig. 6) plants. As a

result of the increase of the external K?, both Col-0 and Ts-

1 plants decreased dramatically their shoot Na?/K? ratio

and to a lesser extent their root Na?/K? ratio (Fig. 6a;

Supplemental Table S5). In contrast with these changes,

the weight of shoots was scarcely affected in Col-0 and

completely unaffected in Ts-1 plants (Fig. 6b). In roots the

decrease of the Na?/K? ratio produced growth stimulation

(at 5–55 and 10–50 in Col-0 and at the three combinations

in Ts-1). Although we did not obtained statistical signifi-

cance, this stimulation was probably only partial, insuffi-

cient to recover the weight observed in control plants

(Fig. 6b; Supplemental Table S5). In parallel with the

decrease of the shoot Na?/K? molar ratio, the senescent-

like yellow leaves that appeared in 60 mM NaCl Col-0

plants disappeared in the 5–55 combination (Fig. 6c) and

higher K? concentrations.

In summary, the symptoms of shoot Na? toxicity dis-

appeared as a function of the decrease of the Na? content

in Col-0 plants while growth inhibition was insensitive to

this decrease of Na? in both Col-0 and Ts-1 plants. This

latter observation is not new (Lauter et al. 1988) and

strongly suggested that shoot growth inhibition of Col-0

and Ts-1 plants by 1–60, 5–55, 10–50, and 20–40 mM KCl-

NaCl was not due to Na? toxicity.

NaCl does not inhibit Col-0 and Ts-1 plants

by an osmotic effect

According to current dogma, salinity inhibits plant growth

by osmotic and ionic effects (Munns and Tester 2008). We

have shown that Col-0 plants exposed to 60 mM NaCl

Fig. 4 Root growth rate in agar plates of gl1, hkt1-4, and sos1-1

seedlings at different Na? concentrations. The results are means from

eight seedlings in 7-day experiments

Fig. 5 Inhibitory effect of NaCl on the growth of Ts-1 plants. Weight

of roots and rosettes of 2 weeks-in-Na? plants

Table 3 Na?/K? molar ratios of 2-weeks-in-Na? Ts-1 Arabidopsis

plants growing at increasing NaCl concentrations up to 80 mM

NaCl (mM) Root Rosette

Na?/K? (molar ratio) Na?/K? (molar ratio)

0.2 \0.01 0.016 ± 0.002

20 0.15 ± 0.01 3.1 ± 0.2

40 0.23 ± 0.01 5.8 ± 0.3

60 0.28 ± 0.04 8.8 ± 1.0

80 0.43 ± 0.03 19.2 ± 2.8

Mean values ± SD, n = 8
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Fig. 6 Response of the growth

of Col-0 and Ts-1 plants to the

increase of K? in 60 mM

isotonic combinations of KCl

and NaCl in comparison with

0.2 (control 1–0.2) and 60

(inhibited 1–60) mM Na?

plants. Na?/K? molar ratio

(a) and weights (b) of roots,
rosettes, and inflorescences

(only in Col-0). c Physical

appearance of 2-weeks-in-Na?

Col-0 and Ts-1 plants;

senescence-like leaves in

60 mM NaCl Col-0 plants

disappeared when K? was

increased to 5 mM (c plants in

0.2 mM Na? were bigger than

the other plants and are shown

at a smaller scale; the

inflorescences of Col-0 plants

were removed for a better

observation of the rosettes).

a and b, same letter in the same

organ of plants in different

conditions indicates that the

means are not statistically

different; b Col-0 plants,

statistical differences have been

calculated for the weight of

rosette plus inflorescence
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suffered Na? toxicity but that this toxicity was not the

cause of the observed growth inhibition and that Ts-1

plants did not show symptoms of Na? toxicity. These

observations suggested that Col-0 and Ts-1 plants at

60 mM NaCl or KCl–NaCl combinations were inhibited by

an osmotic effect, but this assumption needed to be veri-

fied. However, a clear test for osmotic inhibition does not

exist because most compounds that are added to the roots

of plants at a high concentration may be toxic or induce the

growth of bacteria. Therefore, to overcome this problem at

least partially, we designed experiments in sterility using

sorbitol to decrease the water potential and measuring the

fresh weight/dry weight ratio as an indicator of the osmotic

stress (Handa et al. 1983). The results were clear, Col-0 and

Ts-1 plants growing in 120 mM sorbitol decreased their

water content by approximately 50 % with reference to

control plants while this decreased did not occurred in

10–50 KCl–NaCl plants (Fig. 7a). To further support these

results we performed a series of experiments with Col-0

plants using culture vessels or vertical plates with 0.259

strength MS or hydroponic medium in the four combina-

tions. The results of these experiments were remarkable

coincident; considering all the data, the wet weight/dry

weight ratio for control and 10–50 plants was 12.7 ± 0.9

and 13.3 ± 1.6, respectively, while it was 7.2 ± 0.9 for

120 mM sorbitol plants. Regarding the cation content by

dry weight, the K? plus Na? content increased in 10–50

KCl–NaCl plants and decreased in sorbitol plants (Fig. 7b).

The simplest interpretation of these results was that the

high increase in the K? plus Na? content of 10–50 mM KCl–

NaCl plants provided their osmotic adjustment to the more

negative water potential of this medium. Similar increases in

hydroponic tests (e.g., Supplemental Table S5) suggested that

hydroponic plants were also osmotically adjusted. To test this

conjecture, we measured the wet weight/dry weight ratio in

hydroponic cultures of Col-0 and Ts-1 plants in control con-

ditions and growing at 60 mM NaCl and 10-50 mM KCl-

NaCl for 1 week (Col-0 plants did not bolt in these tests). We

found that under the two challenged conditions the wet

weight/dry weight ratio did not change in comparison with

control plants and that the responses of Col-0 and Ts-1

plants were indistinguishable (control = 11.8 ± 0.2 and

11.2 ± 0.6; 60 mM NaCl = 10.9 ± 0.6 and 11.6 ± 0.7;

10–50 mM KCl–NaCl = 11.3 ± 0.5 and 11.0 ± 0.3; for

Col-0 and Ts-1 plants, respectively).

These results strongly suggest that salinized plants were

osmotically adjusted independently from the culture

conditions.

Salinity response across Arabidopsis accessions

It is widely accepted that the high sensitivity of most plants

to NaCl is caused by the toxic effects of Na? in leaves

(Maathuis and Amtmann 1999; Blumwald et al. 2000;

Horie et al. 2008; Munns and Tester 2008; Hauser and

Horie 2010) and also that the increase of the HKT1 activity

decreases the shoot Na? content and increases Na? toler-

ance (Farquharson 2009; Moller et al. 2009; Plett et al.

2010). However, we found that when the growth of Col-0

and Ts-1 plants was inhibited by NaCl, leaf Na? toxicity

was neither observed in Ts-1 plants nor the dominant

inhibitory effect in Col-0 plants. This contradiction raised

the question of whether the Col-0 and Ts-1 accessions were

exceptions in Arabidopsis. Therefore, we tested the Na?

tolerance and Na? contents in Arabidopsis accessions (to

be published elsewhere) and tried to identify accessions

that mimicked the response of the Col-0 hkt1 mutant to

NaCl, which was our model of shoot Na? toxicity. In this

search, we identified three accessions, Ak-1, C24, and Fei-

0, which did not survive in 60 mM NaCl and showed the

symptoms of the hkt1 mutant. To further investigate this

Fig. 7 Osmotic response and adjustment of Arabidopsis seedlings

growing in the hydroponic medium containing 1 mM K? and

0.2 mM Na? (control plants), 10 mM KCl plus 50 mM NaCl, or

120 mM sorbitol in control medium. Tests in vessels in sterile

conditions: fresh weight/dry weight ratio (a) and K? plus Na? content

(b). Two-week-old plants germinated and grown in the tested

conditions
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response, we tested the growth at 15–45 mM KCl-NaCl,

finding that the symptoms of leaf Na? toxicity disappeared

or were highly improved but that plant growth remained

inhibited, although to a lesser extent (Fig. 8 show the

results for these three accessions in parallel with other three

accessions that did not show symptoms of Na? toxicity).

As shown above for Col-0 and Ts-1, all tested accessions

showed similar growth inhibition at 15–45 mM KCl-NaCl

but very different Na?/K? molar ratio in roots and shoots.

At 30 mM Na? (1 mM K?), where all accessions grew

(Fig. 8), the differences in Na?/K? molar ratios between

accessions were also detectable (Table 4). All these data

suggest that although leaf Na? toxicity seems to take place

in some Arabidopsis accessions, NaCl inhibits the growth

of many Arabidopsis accessions by a mechanism that is

independent from leaf Na? toxicity.

Next, we tested the osmotic adjustment under salinity in

several accessions: Fei-0, C24, Tsu-1, Ll-0, and Cvi. For

this purpose we measured the wet weight/dry weight ratio

in 1-week-in-Na? plants in control conditions and 60 mM

NaCl (in these conditions no accession bolted and the

symptoms of Na? toxicity did not exist or were minimal).

The measured ratios were indistinguishable from those

reported above for Col-0 and Ts-1 plants (data not shown).

Discussion

This study aimed to describe the responses of Arabidopsis

to Na?, at NaCl concentrations that reduce plant growth

without interrupting the life cycle, mimicking the growth

of crops in salinized soils that impose yield reductions but

not the death of plants—rice farming in some tidal wet-

lands being a good example. Especially, we aimed to

separate toxic and osmotic effects.

Prior to a discussion of the main results, two observa-

tions deserve to be commented. The first refers to a plant

response that modifies Na? toxicity, because Na? distri-

bution in the plant was linked to plant development. At

rosette stage, Na? was distributed between the two clas-

sical compartments: roots and shoots, but after bolting, the

inflorescence forms a third compartment that can be dis-

tinguished from the rosette by its low Na? content. Thus, in

parallel with the growth of the inflorescence, the Na?

content of the rosette increased notably, which had a strong

effect on rosette Na? toxicity. The second refers to our use

of the Na?/K? molar ratio as an indicator of the Na? status

of the organs of the plant. Although our conclusions do not

depend on the use of this indicator, other indicators of the

Na? content that do not take into account the K? content

(e.g., based on dry weight) were less convenient than the

Na?/K? ratio to describe plant responses. The main reason

for this is that the Na? plus K? content by dry weight is not

constant when the external NaCl increases, which occurs

because the Na? content increases more than the K?

content decreases (Supplemental Tables S1 and S2). A

demonstration of the convenience of the use of the Na?/K?

ratio can be obtained comparing 2-weeks-in-Na? Col-0

plants at 40 mM Na? (Supplemental Table S2) and

5–55 mM K?-Na? (Supplemental Table S5). In both cases,

the rosette Na? content was 1500 nmol mg-1 but while the

plants at 40 mM Na? showed many senescent-like yellow

leaves; all the leaves were green in 5–55 plants (Fig. 7).

Thus, rosette Na? toxicity could not be related to the Na?

content expressed in terms of dry weight. In contrast, the

Na?/K? ratios in these two cases amounted to 5.2 and 2.6,

respectively, which were values more in consonance with

the symptoms. It is worth noting that the Na?/K? molar

ratio was a convenient indicator to predict the response of

the same accession in different conditions but not to predict

the response of different accessions in the same condition.

Na1 toxicity in shoots and roots

Leaf Na? toxicity is widely considered as the main cause

of growth inhibition in salinized plants (Maathuis and

Amtmann 1999; Blumwald et al. 2000; Horie et al. 2008;

Munns and Tester 2008; Hauser and Horie 2010), but our

results suggest more complex causes.

Col-0 plants growing at 20 mM NaCl were at their limit

of Na? tolerance. The corresponding limits for hkt1-4 and

sos1-1 plants were 4.0 and 2.0 mM Na?, respectively,

which were too low to produce osmotic inhibition. Taking

the shoot and root Na? contents of 20 mM Col-0 plants as

nontoxic, we concluded that the growth inhibition by Na?

of hkt1-4 plants was not due to a toxic root Na? content

and that the inhibition of sos1-1 plants was not due to a

toxic shoot Na? content (Table 2). In consequence, Na?

inhibited hkt1-4 and sos1-1 plants suffered shoot and root

Na? toxicity, respectively. Remarkably, by only comparing

the size of the shoots of these mutant plants, shoot and root

Na? toxicity could not be distinguished (Fig. 3); other

observations are necessary to identify the origin of the

inhibition. This lack of size-based differences implies that

the coordinated growth of shoots and roots produces

smaller roots in plants in which only the shoots are affected

by Na? and smaller shoots in plants in which only the roots

are affected. These responses might be due to long-range

signaling, which occurs when plants suffer stress condi-

tions, including a lack of nutrients or biological attacks

(Liu et al. 2009; Sparks et al. 2013). In consequence, shoot

and root inhibition by Na? in Arabidopsis and possibly in

other species have similar consequences on the size of the

plants and the two types of inhibition might be confused. In

this study, shoot Na? toxicity was revealed by senescent-

like yellow leaves and root Na? toxicity by a high shoot
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anthocyanin content. However, in both cases symptoms

were clear only when growth inhibitions were important;

the assessment of Na? tissue tolerance based on the

senescing leaf area (Rajendran et al. 2009) would be mis-

leading in Arabidopsis. Regarding the anthocyanin content,

it is worth noting that the connection between anthocyanin

Fig. 8 Diversity of the responses of Arabidopsis accessions in 1–0.2,

1–30, 1–60, 15–45 mM KCl-NaCl. Senescent-like yellow leaves in

Ak-1, C24, and Fei-0 accessions resemble leaf Na? toxicity in hkt1

plants. Physical appearance of 2-weeks-in-Na? plants in hydroponic

cultures. Exceptionally, the picture of Ak-1 plants at 60 mM NaCl

(frame) corresponds to 1-week-in-Na? plants because this accession

is very sensitive to NaCl

Table 4 Na?/K? molar ratios

in several Arabidopsis

accessions growing at 1–30 and

15–45 mM KCl–NaCl for

2 weeks

Accession 1 mM K? plus 30 mM Na? 15 mM K? plus 45 mM Na?

Root Rosette Inflorescence Root Rosette Inflorescence

Ak-1 0.62 ± 0.04 4.9 ± 0.4 0.7 ± 0.1 0.66 ± 0.06 2.8 ± 0.2 0.6 ± 0.1

C24 0.09 ± 0.007 7.9 ± 0.3 No bolting 0.09 ± 0.002 3.0 ± 0.4 No bolting

Fei-0 0.22 ± 0.013 6.9 ± 0.4 No bolting 0.22 ± 0.02 2.4 ± 0.2 No bolting

Ler-0 0.31 ± 0.02 7.9 ± 1.1 1.3 ± 0.1 0.27 ± 0.02 0.91 ± 0.14 0.36 ± 0.06

Tsu-1 0.22 ± 0.02 3.2 ± 0.4 No bolting 0.15 ± 0.01 0.95 ± 0.14 No bolting

Ll-0 0.36 ± 0.03 3.3 ± 0.5 No bolting 0.24 ± 0.03 0.54 ± 0.05 No bolting

Mean values ± SD, n = 8
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accumulation, abiotic stress, and the SOS pathway (Van

Oosten et al. 2013) suggests that conclusions about

anthocyanin content obtained in a sos1 mutant must be

taken with caution.

We concluded above that, in Col-0, Na?/K? ratios of

1.0 and 0.3 were not toxic in rosettes and roots, respec-

tively, but modest increasing of these ratios might be toxic.

These low ratios suggest a high sensitivity that cannot be

taken as a general characteristic of Arabidopsis. In fact, in

the Ts-1 accession, a rosette Na?/K? ratio of 3.1 was not

toxic in 20 mM NaCl plants. Moreover, we did not observe

symptoms of leaf Na? toxicity in Ts-1 plants at 40 or

60 mM NaCl (Fig. 6c) and only mild symptoms at 80 mM

NaCl; in the rosettes of these plants the Na?/K? ratio

amounted to 5.8, 8.8, and 19.2, respectively. The toxicity

of Na? in the cytosol of non-animal cells has been widely

discussed (see introduction) but, in contrast with animal

cells, there are no convincing data that indicate a high

toxicity due to biochemical reasons in non-animal cells

(Cheeseman 2013; Kronzucker et al. 2013). In fact, Na?

cannot be considered toxic in fungal cells because a

cytosolic Na?/K? ratio of 2 is tolerated by the fungus

Ustilago maydis (Benito et al. 2009). Therefore, assuming

the large volume of vacuoles in many plant cells and their

capacity to accumulate Na? (Shabala and Cuin 2007;

Munns and Tester 2008; Hasegawa 2013; Roy et al. 2014),

it can be expected that high Na?/K? ratios in the whole

tissue can be well tolerated in plant tissues. This reasoning

would explain the high shoot Na?/K? ratios of Ts-1 plants

that are apparently normal. Accordingly, Na? toxicity at

low tissue Na?/K? ratios probably reflects a low capacity

to accumulate Na? in vacuoles. This might apply to Col-0

shoots and Col-0 and Ts-1 roots. However, atypically high

cytosolic Na? sensitivity cannot currently be ruled out in

these cases.

In summary, growth inhibition in Arabidopsis may be

produced by either shoot or root Na? toxicity but the dis-

tinction between these two causes might be difficult to

establish. For this purpose, the Na? content is not a reliable

benchmark for toxicity when different accessions are

studied.

Na1 toxicity and water deficit are not the dominant

causes of growth inhibition by NaCl

The drastic inhibition of Ak-1, C24, and Fei-0 plants by

60 mM NaCl was probably the result of leaf Na? toxicity.

Firstly, because the physical aspect of these plants was very

similar to that of hkt1 plants growing at 16 mM Na? and,

secondly, because the symptoms of Na? toxicity were

completely or partially relieved by increasing the K?

concentration of the medium. However, in these acces-

sions, when Na? toxicity was not apparent or minimal in

isotonic KCl–NaCl combinations, growth inhibition was

only partially relieved (Fig. 8), which suggests that the

remaining inhibition was not due to Na? toxicity. Simi-

larly, it seems unlikely that NaCl inhibition in Col-0 and

Ts-1 plants is due to Na? toxicity. If this were the case, this

growth inhibition should have been relieved with the

increase of the external K? in isotonic KCl-NaCl combi-

nations, which effectively decreased the shoot and root

Na? contents and eliminated the senescent-like yellow

leaves in Col-0 plants (Fig. 6; Supplemental Table S5). A

similar conclusion applies to Ler-0, Tsu-1, and Ll-0 plants

(Fig. 8). In summary, all these findings suggest leaf Na?

toxicity is not a cause of growth inhibition by NaCl in

many Arabidopsis accessions. Furthermore, it seems that in

all accessions the dominant inhibition at 60 mM NaCl or

isotonic combinations of KCl and NaCl is not due to leaf

Na? toxicity and operates independently of this toxicity.

In a classic description of NaCl inhibition based on

osmotic stress and shoot Na? toxicity (e.g., Munns 2002),

the absence of Na? toxicity would suggest that osmotic

stress produces the inhibition. Certainly, NaCl reduces the

water potential of the external medium but the existence of

osmotic inhibition in adapted plants growing in NaCl

would imply an incomplete osmotic adjustment and the

existence of a water deficit (Morgan 1984). In our experi-

ments, Col-0 and Ts-1 seedlings in sterility showed a clear

water deficit at 120 mM sorbitol but not at 60 mM NaCl or

10–50 mM KCl-NaCl (Fig. 7). In the last two conditions

there was a large increase of the K? plus Na? content,

which could be the basis of the osmotic adjustment that

prevents water deficit. Both the absence of water deficit

and the large increase of the K? plus Na? content also

occurred in hydroponic cultures in all Arabidopsis acces-

sions that we tested. In all these cases, the increase in the

Na? content was the dominant response, which is consis-

tent with previous studies (Pardo and Quintero 2002;

Flowers et al. 2015).

The notion that salinized Arabidopsis plants maintain a

normal water content while sorbitol-treated plants cannot

maintain it is consistent with previously described results

using cultured tomato cells treated with polyethylene gly-

col (Handa et al. 1983) and cultured tobacco cells treated

with NaCl, dextran, or polyethylene glycol (Heyser and

Nabors 1981a, b). The notion is also consistent with the

responses of tomato plants treated with mannitol and NaCl

(Slayter 1961) and with those of cotton and pepper plants

under salinity and drought treatments (Shalhevet and Hsiao

1986). In addition to these comparative studies using plant

cells or plants under different treatments, there is a large

amount of studies demonstrating that many plants growing

in NaCl are osmotically adjusted and unaffected in their

water content or turgor (Boyer 1965; Robinson et al. 1983;

Salim 1989; Maggio et al. 2007; Dı́az-López et al. 2012).
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All this suggests that the observed osmotic adjustment and

absence of water deficit in Arabidopsis plants at 60 mM

NaCl can be considered a normal response. The same

conclusion can be drawn from a previous study with Ara-

bidopsis plants growing at 100 mM NaCl (Jha et al. 2010).

If neither Na? toxicity nor water deficit is the dominant

cause of growth inhibition by NaCl, the causes are not

obvious. Although these causes have not been investigated

in this study, it seems reasonable to assume that they

originate inside the plant, not outside of it, and that the

overaccumulation of K? plus Na? might trigger the inhi-

bition. It might occur by interfering with stomatal con-

ductance (Maggio et al. 2007) or be produced by the

osmolyte (Na? plus K?) overaccumulation (Maggio et al.

2002). However, the most likely possibility is a stress

response that restrains growth to avoid the risk of growing

prolifically under sub-optimal conditions (Dolferus 2014).

This response is mediated by DELLA proteins and mod-

ulated by several phytohormones (Achard et al. 2006).

The Arabidopsis model in plant salt tolerance

The wide use of Arabidopsis as a model plant and its large

resources for genetic and molecular studies raises the

question of whether Na? tolerance in Arabidopsis can be

used as a model for crop plants (Zhu 2000; Moller and

Tester 2007). This question is clearly relevant, but before

discussing it, the term model must be defined regarding

extension and exact meaning. The extension is important

because if the model includes many details, the number of

plants that respond to the Arabidopsis model might be low.

The adaptation to soils with a high Na? content was

probably essential in the late evolution of many land plants

and occurred independently in different plants (Flowers

et al. 2010; Bennett et al. 2013; Rozema and Schat 2013).

Therefore, the use of Arabidopsis as a model should refer

to general effects and movements of Na? but not to every

detail of the processes involved.

A second issue refers to the concept of salt tolerance and

the tests to quantify it. Currently, many different tests have

been used in Arabidopsis: time of survival at killing NaCl

concentrations of either plants (Rus et al. 2006; Katori et al.

2010) or seedlings (Katori et al. 2010), weight increase

after either a few (Moller et al. 2009; Jha et al. 2010) or

many (Labidi et al. 2002; Alemán et al. 2009; Kaddour

et al. 2010) days in NaCl, germination at high NaCl con-

centrations (Quesada et al. 2002), and probably others. It is

not clear that all the different concepts of Na? tolerance

that these approaches involve are coincident with the

concept of Na? tolerance used in crop plant breeding.

Moreover, they do not produce the same results. For

example, depending on the approach, Ler is much (Jha

et al. 2010) or slightly (Labidi et al. 2002) more Na?

tolerant than Col-0, and Ts-1 more (Rus et al. 2006) or less

Na? tolerant (Katori et al. 2010) than Col-0. Our results

give at least a partial explanation to these contradictions

because all accessions might eventually be inhibited by

shoot and root Na? toxicity and K? plus Na? overaccu-

mulation, and the dominant inhibition and extension of its

effect might depend on the testing conditions.

Another interesting issue regarding the usefulness of

Arabidopsis as a model plant for salt tolerance research

refers to the diversity of responses that exist across

accessions. Previous (Attia et al. 2008; Jha et al. 2010;

Kaddour et al. 2010; Katori et al. 2010; Labidi et al. 2002)

and present results lead to the conclusion that this diversity

is very high regarding Na? accumulation and toxicity. In

contrast, diversity seems to be low regarding the growth

inhibition that is independent from Na? toxicity and

inexistent regarding osmoregulation.

What Arabidopsis suggests for improving crop salt

tolerance

Crop salt tolerance has posed many difficulties to plant

breeders because it shows the characteristics of a multigenic

trait that reflects its physiological complexity (Flowers 2004).

As already discussed, this physiological complexity can be

described as root and shoot Na? toxicities, and the growth

restraint produced by the stressing conditions, which operate

by independent mechanisms; the complexity becomes higher

considering that shoot and root Na? toxicities depend on

several traits, such as total Na? uptake, shoot/root distribu-

tion, and intrinsic cellular tolerance. Therefore, treating salt

tolerance as a single trait and measuring plant growth or seed

production to evaluate the response of the plant to the salt

challenge might make it very difficult to identify the indi-

vidual genes that are involved in the complex response. For

example, at 60 mM NaCl, Col-0 plants show shoot and root

Na? toxicity, and the growth inhibition response; alleviating

only one of these causes of inhibition would have little effect

on the growth performance of these plants. If Arabidopsis

can be taken as a model, plant salt tolerance must be

improved particularizing the genetic strategies depending on

the dominant inhibitory effect of NaCl, which should be

determined previously in each case.
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