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Abstract

Control of K* and Na* transport plays a central role in plant adaptation to salinity. In the halophyte
Hordeum maritimum, we have characterized a transporter gene, named HmHKTZ 1, whose
homologue AvHKTZ, 7 in cultivated barley, Hordeum vulgare, was known to give rise to increased salt
tolerance when overexpressed. The encoded protein is strictly identical in two H. maritimum ecotypes,
from two biotopes (Tunisian sebkhas) affected by different levels of salinity. These two ecotypes were
found to display distinctive responses to salt stress in terms of biomass production, Na* contents, K*
contents and K* absorption efficiency. Electrophysiological analysis of HmMHKTZ2;1 in Xenopus oocytes
revealed distinctive properties when compared to HYHKT2;1 and other transporters from the same
group, especially a much higher affinity for both Na* and K*, and a Na*-K* symporter behavior in a
very broad range of Na* and K* concentrations, due to reduced K* blockage of the transport pathway.
Domain swapping experiments identified the region including the 5" transmembrane segment and the
adjacent extracellular loop as playing a major role in the determination of the affinity for Na* and the
level of K* blockage in these HKT2;1 transporters. Analysis (QRT-PCR) of HmHKTZ,7 expression in
the two ecotypes submitted to saline conditions revealed that the levels of HmHKTZ2, 7 transcripts was
maintained constant in the most salt tolerant ecotype while they decreased in the less tolerant one.
Both the unique functional properties of HmHKT2;1 and the regulation of the expression of the

encoding gene could contribute to H. maritimum adaptation to salinity.

Keywords: Hordeum maritimum, Hordeum vulgare, sebkha, salt tolerance, HKT transporter, sodium

and potassium transport, structure-function analysis
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Introduction

Natural soil salinity and soil salinization due to irrigation with poor quality water challenge agriculture in
very large areas of lands under arid and semi-arid climate. High soil salinity is considered to be the
main abiotic stress, after drought, which impacts crop production. Most crop plants being poorly
tolerant to salt stress (Munns and Tester, 2008), analysis of the mechanisms involved in adaptation to
high saline conditions is thus a highly active field of research, aiming at providing information for
conventional breeding programs or biotechnological approaches, taking advantage of the
characterization of candidate genes (Gaxiola et al. 2001, Yokoi et al. 2002, Mitsuya et al. 2005, Zhao
et al. 2006, Chen et al. 2007, Saadia et al. 2013) or of QTL/genetic screen analysis (Shi et al. 2000,
Berthomieu et al. 2003, Shi et al. 2003, Ren et al. 2005, James et al. 2011). Arabidopsis and rice,
which are salt sensitive species, have provided a large part of the knowledge gained in this domain of

plant biology.

Adaptation to salinity involves numerous, complex and integrated functions, whose relative
importance varies between species, including specific adaptations in some plants, such as succulence
or salt excretion by salt glands at the leaf surface (Greenway and Munns 1980, Hasegawa et al. 2000,
Munns and Tester 2008, Deinlein et al. 2014). Evidence is however available that, despite the
complexity and diversity in adaptation mechanisms, a common determinant of tolerance is the
capacity, under high Na* concentrations, to efficiently control Na* and K* uptake and long distance

transport and accumulation.

K* and Na* have very different distributions and roles in the plant. K* is an essential element
and the most abundant inorganic cation in the cytosol, where it is involved in electrical neutralization of
inorganic and organic anions and macromolecules, pH homeostasis, control of membrane electrical
potential, activation of enzymes, protein synthesis, cell metabolism, photosynthesis and regulation of
cell osmotic pressure (Nieves-Cordones et al. 2016). Through the latter function, it plays a role in
turgor-driven cell and organ movements. Thus, plant growth requires large amounts of K* ions. In
contrast, Na* is not an essential element in most plants, except in some halophytes (Flowers 1985).

This cation can however be accumulated at high concentrations in vacuoles, where it is used as cheap
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osmoticum (Yokoi et al. 2002). Due to this possibility, it can be considered a beneficial element,
allowing plants to adjust their water potential when they are facing saline conditions (Niu et al. 1995)
and/or to save K* for cytosolic uses when the availability of this cation is limiting (Horie et al., 2007).
However, the presence of Na* in the cytoplasm at high concentrations results in deleterious effects on
cell metabolism, e.g., on photosynthetic activity. The use of Na* as osmoticum thus requires tight
control of Na* uptake, long distance transport and compartmentalization at tissue and cell levels.
Furthermore, when present at high concentrations in the external medium, Na* can both directly
interfere with K* transporters, due to structural similarities between these two cations, and indirectly
affect K* transport by strongly depolarizing the cell membrane, thus reducing the driving force for K*

uptake (Nieves-Cordones et al. 2010).

Several major salt-tolerance QTL identified in different species have been shown to
correspond to members from a family of transporters named HKT (acronym of "High Affinity K*
Transporters") (Ren et al. 2005, Huang et al. 2006, Byrt et al. 2007, Asins et al. 2013, Hamamoto et al.
2015, Campbell et al. 2017, Hartley et al. 2019). For instance, in rice, the SalTol locus, which
corresponds to a major salt tolerance QTL (Thomson et al. 2010), contains a member from the HKT
family, OsHKT1;5. SalTol seems presently to be the single QTL that is actually used by plant breeders

to improve salt tolerance in rice (Singh et al. 2018).

Based on their capacity to transport K* and/or Na* and phylogenetic analyses, HKT
transporters can be sorted in two subfamilies. Subfamily 1 gathers transporters strongly selective for
Na* (not significantly permeable to K*), and subfamily 2, transporters permeable to both Na* and K*
(Platten et al. 2006, Corratgé-Faillie et al. 2010). Evidence has been obtained that HKT transporters
from subfamily 1 play major roles in plant adaptation to saline conditions by controling Na* long
distance transport within the plant vasculature, where they contribute to Na* retrieval from the
ascending xylem sap flux, and/or to Na* recirculation from shoots to roots via the phloem sap
(Berthomieu et al. 2003, Ren et al. 2005, Hauser and Horie 2010, Suzuki et al. 2016). Much less
information is available for transporters from HKT subfamily 2 and their possible involvement in plant

adaptation to saline conditions. However, in cultivated barley, H. vulgare, it has been shown that
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overexpression of HvHKTZ;7, a member from HKT subfamily 2, results in increased tolerance to
salinity (Mian et al. 2011). Here, we investigate the functional properties of a counterpart of HYHKT2;1
in the halophyte Hordeum maritimum. We used two ecotypes from this species, Soliman and Kalbia,
whose biotopes are significantly different with respect to the level of salinity. H. maritimum is an
annual Poaceae frequently associated with perennial tufts of strict halophytes growing in saline
environments, e.g., in depressions named sebkhas in North Africa (Cuénod et al. 1954, Abdelly et al.
2006). The electrical conductivity is close to 20 dS/m in Soliman sebkha (Rabhi et al. 2009), and can

reach much higher values, up to 90 dS/m in Kalbia sebkha (Hachicha 2007).
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Results

Identification of a homologue of HYHKT2;1 in Hordeurm maritimum

PCR experiments were carried out, both in the Soliman and Kalbia ecotypes, to clone a H. maritimum
homologue of AHVvAHKTZ;7. Cloned cDNAs (GenBank accession number for the Kalbia ecotype:
MHO019217) were found to encode the same polypeptide in both ecotypes (Supplementary Fig. S1).
This transporter was named HmHKT2;1. It displays 18 amino acid changes when compared with
HVHKT2;1 (Fig. 1).

HKT transporters display a typical hydrophobic core (Fig. 1A), comprised of 4 successively
arranged MPM domains, each of them displaying a so-called Pore region flanked by two
transmembrane segments, MPM being the acronym of transMembrane segment, Pore,
transMembrane segment (Durell et al. 1999, Kato et al. 2001, Corratgé-Faillie et al. 2010; Hamamoto
et al. 2015). The 4 MPM domains are assembled to form the functional hydrophobic core of the protein
with a fourfold radial symmetry so that the four P domains are associated at the center of the protein
where they structure the ion permeation pathway. Interestingly, 6 from the 18 amino acid differences
between HmHKT2;1 and HvHKT2;1 are located in the region lying between residues 320 and 356
(less than 7% of the polypeptide chain; Fig. 1A, B; Supplementary Fig. S1), which corresponds to the
first transmembrane segment and the beginning of the P domain of the third MPM domain, suggesting
that HmMHKT2;1 displays distinctive ion permeation properties, when compared with HYHKT2;1.

The HMHKT2;1 phylogenetic relationships with members from the rice HKT family, HYHKT2,1
from H. vulgare (Haro et al. 2005) and TaHKT2;1 from wheat (Rubio et al. 1995, Gassmann et al.
1996), are displayed in Fig. 1C. This analysis identified HmHKT2;1 as a member of HKT subfamily 2
(Platten et al. 2006). All the different members from this subfamily characterized so far have been
shown to encode transporters permeable to both Na* and K* when heterologously expressed (Véry et

al. 2014).

Comparison of HmHKT2;1 and HYHKT2;1 Na* transport activity in oocytes
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Two-electrode voltage-clamp experiments were carried out in Xenopus oocytes used as heterologous
expression system, in order to analyse the functional properties of HmHKT2;1 and to compare them
with those of its H. vulgare homologue HVHKT2;1 (Mian et al. 2011).

Oocytes were injected with HmHKTZ; 1 or HYHKTZ,7 cRNA or with water (control oocytes). For
current recordings, in a first set of experiments, the oocytes were successively bathed in solutions
containing different concentrations of Na*, from 0.03 to 30 mM, in presence of a fixed concentration of
K*, 0.5 mM. Representative current traces recorded in 30 mM Na* solution in control oocytes or
oocytes expressing HmHKT2;1 or HYHKT2;1 are displayed in Fig. 2B, C and D, respectively. Control
oocytes displayed very low current levels in the whole range of imposed membrane potentials (from
-15 to -165 mV; Fig. 2A), when compared with oocytes expressing HmHKT2;1 or HYHKT2;1. Current-
voltage (I-V) curves obtained from these experiments at the different tested Na* concentrations are
displayed by Fig. 2E and F for HmHKT2;1 and HVYHKT2;1, respectively. These |-V curves show that, in
both HMHKT2;1-and HVHKT2;1-expressing oocytes, the zero current potential (also named reversal
potential: Erev) was shifted towards more positive potentials when the external concentration of Na*
was increased (see also Fig. 5A). These results demonstrated that HmMHKT2;1 and HVHKT2;1 were
permeable to Na* (see also Mian et al. (2011) for the latter transporter).

When oocytes were injected with similar amounts of HmHKTZ2;7 and HvHKTZ;7 cRNA, the
recorded currents were smaller in AmHKTZ;7 oocytes. Thus, we injected larger amounts of
HmHKTZ;7 cRNA for compensation purpose. In the experiments analysed in Fig. 2, oocytes were
injected with 50 ng of HmHKTZ2,7 cRNA, against 20 ng for HvHKTZ2, 7. Na* transport activity has been
compared in these two kinds of oocytes by using the classical Michaelis-Menten hyperbolic equation
to fit the dependency of the membrane conductance (G) on Na* external concentration (Fig. 2G). The
Ku parameter for Na* (Ky[Na']) thereby obtained was 0.8 mM for HmHKT2;1 and 4.7 mM for

HvHKT2;1, indicating that HmHKT2;1 displayed a much higher affinity for Na* than HYHKT2;1.

Comparison of HmHKT2;1 and HYHKT2;1 K* transport activity in oocytes

Experiments were carried out for the analysis of K* transport activity in a similar way as described

above for Na* transport. Currents were recorded in oocytes bathed in solutions containing different
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concentrations of K*, from 0.1 to 30 mM, in presence of a fixed concentration of Na*, 100 mM (Fig. 3).
The recorded |-V curves showed that E,., was shifted towards more positive membrane potentials
when the external concentration of K* was increased (Fig. 3E, F; see also Fig. 5D). Such a shift
demonstrated that both HmMHKT2;1 and HVHKT2;1 were permeable to K*. Regarding HvHKT2;1, this
conclusion is consistent with previous analyses (Mian et al. 2011).

For HVYHKT2;1, analysis of the dependency of the oocyte membrane conductance on external
K* concentration led to a Ky parameter for K* (Ky[K*]) close to 1 mM (Fig. 3G). For HmHKT2;1,
comparison of the two |-V curves obtained in presence of either 10 or 30 mM K* led to the conclusion
that, at negative membrane potentials, the currents were smaller at the highest K* concentration. Such
a decrease in current intensity, and thus in membrane conductance, suggested that HmHKT2;1 was
blocked by high external K* concentrations. For an operational analysis of such a behaviour, we
described the dependency of the inward conductance G on external K* concentration as resulting from
two opposite phenomena, both described by the mass action law and Michaelis-Menten hyperbolic
equation: a hyperbolic increase in the conductance with the external concentration of K,
characterized by a half-saturation constant Ky, and an inhibition of the conductance by the external
concentration of this cation, characterized by an inhibition constant K; (Fig. 3G). Using this formalism
resulted in a Ky for K* (Ky[K*]) close to 0.06 mM and a K; of 216 mM. Thus, in presence of 100 mM
Na* in the external solution, HmHKT2,1 displays a much higher affinity for K* than HVHKT2;1 (its
Kum[K*] is lower by more than one order of magnitude) and an inhibition ("blockage") by this cation at
high concentrations in the external medium. The fact that the K; parameter describing this inhibition
corresponds to a high concentration (216 mM) reflects that the blockage by K* was rather weak in

these experimental conditions, in the presence of 100 mM Na*.

Comparison of the sensitivity of HmHKT2;1 and HYHKT2;1 to high K* concentrations

The sensitivity of HmMHKT2;1 and HvHKT2;1 to high external K* concentrations was further compared
by carrying out similar experiments as those described in the above paragraph but at lower Na*
external concentrations, either 30 or 0.5 mM, the external concentration of K* being again varied

between 0.03 and 30 mM. The |-V curves obtained at the different external K* concentrations in
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presence of either 30 mM or 0.5 mM Na* are displayed in Supplementary Fig. S2 and S3,
respectively. Determined from these |-V curves, the changes in the oocyte membrane conductance G
with the external concentration of K* are displayed in Fig. 4A and 4B for the experiments carried out in
presence of either 30 mM or 0.5 mM Na*, respectively. Analysis of these kinetics revealed that
decreasing the external concentration of Na* rendered the sensitivity of HmHKT2;1 to high external K*
concentrations stronger, when compared with that observed previously in presence of 100 mM Na*
(Fig. 3G; Supplementary Table S1). It also revealed that HYHKT2;1 was very strongly blocked by K* in
such conditions. Comparison of the kinetics observed for the two transporters indicated that the
relative inhibition by high external K* concentration was less pronounced in HmHKT2;1 than in

HvHKT2;1 (Fig. 4; Supplementary Table S1).

Interaction between K* and Na* transports in HmHKT2;1 and HVHKT2;1

I-V curves obtained for HmHKT2;1 in solutions containing 10 mmol.I'" of either Na*, K*, Rb*, Cs* or Li*
(Supplementary Fig. S4) showed that, amongst these monovalent cations, HmHKT2;1 is preferentially
permeable to Na* and K*, as previously shown for HYHKT2;1 (Mian et al. 2011).

Theoretical analysis (Nernst equation) indicates that the reversal potential E,, of a transport
system strictly permeable to a single ion, X*, is shifted by ca. 60 mV upon a 10-fold change in X*
external activity. Fig. 5 displays, for both HmHKTZ2;1 and HvHKT2;1, the dependency of E, (obtained
from the above described |-V curves) on the external activity of either Na* or K*, the concentration of
one of these two cations being kept constant and the other one being varied. In different external
conditions, within very large ranges of ion activities, the slopes of these experimental curves are close
to 30 mV per decade of activity. Such a relationship can be taken as evidence that HKT transporters
of this type (belonging to the HKT subfamily 2) behave as Na*-K* symporters with a Na*:K*
stoichiometry close to 1:1 (Rubio et al. 1995, Jabnoune et al. 2009). Assuming that the Na*-K*
symport stoichiometry can vary, depending on external concentrations of K* and Na* (Rubio et al.
1995, Sassi et al. 2012), the proposed symport model can also account for the fact that the slope of
E. curves can be much lower than 30 mV per decade of activity in some concentration conditions. It

is interesting to note that while the E,., curves corresponding to HmHKT2;1 and HYHKT2;1 are almost
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parallel (i.e., they display the same slope) in most conditions, indicating that the Na*-K* symport
stoichiometry was the same in both transporters, they diverge when the external concentration of Na*
was fixed at a high value (30 or 100 mM) and the external concentration of K* was varied in the low
concentration range (0.1 to 1 mM) (Fig. 5C and D). In these latter conditions, the slope of the
HmMHKT2;1 curve becomes much smaller than that of the HYHKT2;1 curve. Within the framework of
the above discussed Na*-K* symport model, this indicates that the Na*:K* stoichiometry, i.e., the
number of Na* ions transported per transported K* ion, was significantly higher in HmHKT2;1 than in

HvHKT2;1 in these conditions.

Molecular bases of differences in Na* and K* transport properties between HmHKT2;1 and HVHKT2;1

The molecular bases of observed differences in Na* and K* transport features between HmMHKT2;1
and HvHKT2;1 were examined by domain swapping experiments between the two HKT2;1
transporters. Two chimeras, named AvHm-5S and HvHm-8S, were produced, focusing on two regions
gathering two thirds of the amino acid sequence differences between the two transporters. In HvHm-
58, the exchanged DNA fragment resulted in the introduction in HYHKT2;1 of 6 amino acids specific to
HmMHKT2;1, 4 of them in the 5" transmembrane segment and 2 at the beginning of the following pore-
forming region (positions 320 to 356; Fig. 1A and 6A). In HvHm-8S, the exchanged DNA fragment
resulted in the introduction in HYHKT2;1 of 5 amino acids specific to HmHKT2;1, 2 of them in the 8"
transmembrane segment and the 3 other ones at the end of the preceding pore-forming region
(positions 470 to 525; Fig. 1A and 6A). The two chimeras being constituted mainly of HVHKT2;1
sequence, their functional properties were analysed in Xenopus oocytes injected with 20 ng of cRNA,
like for HYHKT2;1 analysis (Supplementary Fig. S5 and S6).

In a first set of experiments, the apparent affinity for Na* transport was compared in the
HvHmM-5S and HYHmM-8S transporters using the set of solutions containing 0.5 mM K* and varying Na*
concentrations (0.1 to 30 mM) like for the Na* transport analyses previously performed in HmHKT2;1
and HvHKT2;1. Recorded currents indicated that the two chimeras were well expressed in oocytes

and kept a large permeability to Na* (Supplementary Fig. S5), as expected. Sharp differences,
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however, were noticed between the two chimeras in the inward conductance saturation upon increase
in the external Na* concentration (Fig 6B, Supplementary Fig. S5;): HvHm-5S displayed a ~4-fold
higher apparent affinity (Ky = 0.8 mM) than HYHm-8S (Ky = 3 mM). Thus, the Ky for Na* transport of
HvHmM-5S was identical to that observed for the H. maritimum HKT2;1 transporter in the same
conditions (Supplementary Tables S1 and S2), while that of the other chimera was close to that
observed for the barley HKT2;1 transporter (Ky = 4.7 mM, Supplementary Tables S1 and S2). On the
other hand, the maximal conductances derived from the Michaelis-Menten fits were identical for the
two chimeras (Gmax ~ 90 yS), in between those of HmHKT2;1 and HvHKT2;1 (when analysed with
the same level of injected cRNA).

The K* transport properties of the two chimeras were also compared using one of the sets of
solutions with fixed Na* concentration and varying K* concentrations used for the detailed analysis of
HmHKT2;1 and HVHKT2;1 current sensitivity to K*: Na* concentration was 30 mM in all solutions and
K* concentration varied from 0.3 mM to 30 mM. The two chimeras were shown to be largely
permeable to K*, and to display a K*-induced inhibition of currents at high external K* concentrations
(Supplementary Fig. S6), like the H. maritimum and barley HKT2;1 transporters. The two chimeras,
however, differed in their sensitivity to external K*: HYHm-5S showed a 10-fold lower inhibition of
currents at high K* concentration than HvHm-8S (inward conductance inhibition constant Ki = 104 and
11 mM, in HYHmM-5S and HvHmM-8S, respectively; Fig. 6C). This difference was reminiscent of that
observed between H. maritimum and barley HKT2;1 transporters: Ki of conductance inhibition by
external K* 4.3-fold lower in the H. maritimum transporter than in the barley one (Supplementary
Tables S1 and S2). On the other hand, the apparent affinity for K* transport and the maximal
conductance, derived from the Michaelis-Menten fits, were similar in the two chimeras (Ky = 0.4 and
0.3 mM in HYHm-5S and HvHmM-8S, Gmax ~ 200 pS in both transporters; Fig. 6C), in between those of
HmHKT2;1 and HVHKT2;1 (Fig. 4A, Fig. 6C, Supplementary Tables S1 and S2).

As a whole, the characterization of the chimeras thus indicated that the region comprised
between position 320 and 356 in the Hordeum HKT2;1 transporters, is a strong determinant of the

affinity for Na* and the sensitivity to external K*.
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HmHKTZ;1 gene expression, K* and Na* accumulation and plant biomass production under saline

conditions

Soliman and Kalbia ecotypes were compared with respect to HmHKTZ2, 1 expression, K* and Na*
accumulation (total content) and biomass production. The standard nutrient solution was
supplemented with 200 mM NaCl for 48 h or 7 days before roots and shoots were sampled, all the
plants being 5 week-old when harvested (Fig. 7A).

Q-RT-PCR experiments revealed that HmHKT72,7 displays much higher expression in roots
than in shoots, in both Soliman and Kalbia ecotypes (Fig. 7B). Addition of NaCl in the external solution
resulted in a significant decrease in the level of HmHKTZ; 1 transcripts in Soliman but not in Kalbia
plants (Fig. 7B). The two ecotypes differed in their K* accumulation capacity, which was strongly
decreased in Soliman but appeared unchanged in Kalbia (Fig. 8A). Na* accumulation was larger in
Kalbia than in Soliman plants (Fig. 8B). Finally, root and shoot biomass measurements revealed that
the NaCl treatments resulted in a significant decrease in plant growth in Soliman but not in Kalbia
plants (Fig. 9). An increase in root and shoot biomass was even observed in the latter ecotype.

These data were used to assess the so-called plant K* absorption efficiency (KAE), the ratio of
total K* accumulation (expressed on a per-plant basis) by the root biomass (dry weight) (Rabhi et al.
2007, Benzarti et al. 2014). KAE appeared to be higher in Kalbia than in Soliman plants under saline
conditions (Supplementary Fig. S7).

It should be noted that Hordeum vulgare plants were found to display much larger biomass
production than AH. maritimum Soliman and Kalbia plants when grown in parallel experiments, and
submitted to the same NaCl treatments (Supplementary Fig. S8). Comparison of the consequences of
the NaCl treatments on H. maritimum and H. vulgare is thus barely relevant. It is however interesting
to note that the ratio of Na* to K* contents in shoots at the end of the 7-day treatment in 200 mM NacCl
was close to 4.3 in H. vulgare while it was lower than 1.5 in H. maritimum Soliman and Kalbia plants (n
= 4 for each genotype and SE lower than 20%), which reveals a tight control of Na* translocation to

shoots in the halophyte H. maritimum.
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Discussion

In our conditions, Hordeum maritimum biomass production was much lower than that of cultivated
barley (H. vulgare). However, it can significantly contribute to biomass production in salt-affected
biotopes (Abdelly et al. 2006). It is thus a model species, with fodder potential, for studying plants
adapted to strongly saline conditions (Hafsi et al. 2010, Yousfi et al. 2010).

Aiming at characterizing Na* and/or K* transport systems likely to play a role in H. maritimum
tolerance to salinity, we focused on HmHKT2;1. The HmHKTZ2,7 sequences cloned in the Kalbia and
Soliman ecotypes encode the same polypeptide, without any amino acid difference between the two
genotypes (a single silent difference was found between the 2 nucleotide sequences). Functional
properties of this polypeptide, HmMHKT2;1, were compared to those of HYHKT2;1 using the oocyte
expression system.

Operationally, HKT2;1-type transporters can be described as endowed with 3 types of
conduction states, a Na*-K* symport state, a Na* uniport state, and a nonconductive state, which
results from the inhibition of the transport activity in response to high external K* concentrations, the
K* concentration threshold above which this inhibition is detectable and the magnitude of the inhibition
depending on the external concentration of Na* (Rubio et al. 1995, Gassmann et al. 1996, Jabnoune
et al. 2009). In wheat, TaHKT2;1 has been shown to work as a Na*-K* symporter when the external
concentrations of Na* and K* were balanced, and mainly as a Na*-selective uniporter when the
concentration of Na* was much higher than that of K* (Rubio et al. 1995, Gassmann et al. 1996). In
the rice Nipponbare OsHKT2;1 transporter, the Na*-K* symport mode was shown to be the dominant
mode at submillimolar external Na* and K*, the Na* uniport mode to be preponderant when the
external concentration of Na* was within or above the millimolar range and external K* was in the
submillimolar range, and the nonconductive state, due to K* blockage, to dominate at external K* in
the millimolar to 10 mM range (Jabnoune et al. 2009). Interestingly, in rice, the Na* and K*
concentration ranges within which HKT2;1-type transporters behave as Na*-K* symporters are
broader in rather salt tolerant cultivars than in the salt sensitive Nipponbare cultivar (Oomen et al.

2012). HmHKT2;1 displays several distinctive functional properties when compared with HYHKT2;1: (i)
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The affinity for Na* of HmHKT2;1 is higher (lower Ky(Na*) value) than that of HYHKT2;1, by about 6
times in the presence of 0.5 mM K* (Fig. 2; Supplementary Table S1); (ii) The affinity of HmHKT2;1 for
K* is also always higher (lower Ky(K*) values) than that of HVHKT2;1, in a large range of Na*
concentrations (0.5, 30 or 100 mM), and is poorly dependent on the external concentration of Na* (Fig.
3; Supplementary Table S1). (iii) The conductance of both transporters appears to be blocked by high
external K* concentrations but the relative inhibition appears to be less pronounced in HmHKT2;1 than
in HYHKT2;1 in different external conditions (Fig. 4; Ki parameters in Supplementary Table S1). The
whole set of data indicates that HmMHKT2;1 behaves as a Na*-K* symporter in larger ranges of K* and
Na* concentrations, when compared with HvHKT2;1 and the wheat and rice HKT2;1 homologs
previously characterized (Rubio et al. 1995, Gassmann et al. 1996, Jabnoune et al. 2009, Oomen et
al. 2012).

The fact that relatively little difference in amino acid sequence distinguished HmHKT2;1 and
HvHKT2;1, and that a large proportion of the residue differences are concentrated in only two regions
in the sequence (Fig. 1) led us to initiate the analysis of the molecular bases of the functional
differences between the two transporters, by a domain swapping strategy. Among the 6 residues
varying between H. maritimum and barley HKT2;1 transporters, which were exchanged in the HvHm-
5S chimera, 4 varied also between H. maritimum HKT2;1 and wheat and Brachypodium distachyon
homologs. In the HYHmM-8S chimera, 2 of the 5 residues originating from HmHKT2;1 which differed in
HvHKT2;1, also differed in both TaHKT2;1 and BAHKT2;1. Very few structure function analyses have
been done on HKT transporters from the subfamily 2. Random mutagenesis in the wheat HK72;7
sequence and site-directed mutagenesis of conserved residues in different HKT transporters led to the
identification of a few point mutations which affected Na* permeability or rate of transport or inhibition
by K* (Rubio et al. 1995, Rubio et al. 1999; Kato et al. 2007). The positions of these mutations were
different from those examined using the present chimeras. Furthermore, none of these mutations
occurred naturally. Here, the analyses of chimeras between HvHKT2;1 and HmHKT2;1 identified the
region comprising the 5" transmembrane domain and the adjacent P loop as a strong determinant of
differences in Na* and K* transport properties (affinity for Na* transport, inhibition by high K*

concentrations) existing between these HKT2;1-type transporters.

15

6102 AInr Z1 uo Jasn a1e1s ojeung Aq Z960£SS/9€ 1.zod/dod/g60 10 L/10p/AoBaSae-aoie-soueApe/dod/woo dno-olwepeoe//:sdiy Woll papeojumo(]



K* homeostasis has to be preserved in the symplasm for plant tolerance to salinity (Yeo 1983,
Munns and Tester 2008, Kronzucker and Britto 2011). This requires that roots have the ability to
selectively take up K* even in presence of high Na* concentrations. Specific functional features of
HmHKT2;1, when compared with HvHKT2;1 and the OsHKT2;1 and TaHKT2;1 homologs
characterized in rice and wheat, could contribute to efficient K* uptake in presence of high Na*
concentrations, and thereby to adaptation of H. maritimum to high salinity conditions. The fact that the
apparent Ky for K* Ky(K*) of HmHKT2;1 remained low, below 60 pM whatever the external
concentration of Na* (Supplementary Table S1), even in presence of 100 mM Na*, could allow cells to
efficiently take up K* even in presence of high external concentrations of Na*. Also, the fact that
HmMHKT2;1 behaves as a symporter with a Na*:K* stoichiometry higher than 1 Na* per K* in presence
of low K* concentrations could contribute to efficient energization of active K* uptake in such
conditions.

The Soliman ecotype has been extensively characterized as salt tolerant (Hafsi et al. 2010,
Yousfi et al. 2010, Zribi et al. 2012). The saline treatments we used did not result in any salt-toxicity
symptom detectable by eye. They however severely reduced shoot and root biomass production in the
Soliman plants. This result, which is consistent with previous analyses (Hafsi et al. 2007), provides
evidence that the plants suffered from the imposed saline conditions. Kalbia displayed a slightly slower
growth rate than Soliman in the absence of added NaCl in the external solution but its growth was not
reduced by the saline treatments we used. Thus, the Kalbia ecotype appears to be even more tolerant
than Soliman, as this could be expected from the difference in salinity levels of their natural habitats
(see Introduction).

Plant K* absorption efficiency was reduced upon salt stress in both Kalbia and Soliman plants,
but the reduction was less pronounced in Kalbia, which then displayed higher K* absorption efficiency
than Soliman. These two ecotypes express the same HKT2;1 transporter but differ in the regulation of
the encoding gene, the transcript level decreasing in response to the saline treatments in Soliman but
remaining constant in Kalbia. This may explain that K* absorption efficiency was higher in Kalbia, a
hypothesis which is also related to the fact that overexpression of HVHKTZ;7 in barley results in

increased salt tolerance (Mian et al. 2011). It is worth to note that a counterpart of the preservation of
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HmHKTZ; 1 expression in Kalbia under saline conditions could be the larger net uptake of Na* in this
ecotype than in Soliman (Fig. 8B). Functional properties and regulation of HKT transporters could
reflect the need for the plant to cope with the three following objectives: to energize selective K*
transport in presence of high Na* concentrations (Rubio et al. 1995, Ardie et al. 2009), to contribute to
Na* entry, allowing the use of this cation for osmotic adjustment (Yeo 1983, Horie et al. 2007, Flowers
and Colmer 2008), and to prevent excessive Na* transport and accumulation in plant tissues. It is
tempting to speculate that the regulation of HmHKTZ2; 7 expression in response to external salinity and
especially the control of the activity of the encoded transporter by external K* contribute to the

integration of these three objectives and plant adaptation to high salinity levels.

Materials and Methods

Plant material and growth conditions

H. maritimum seeds were collected from Soliman (30 Km south of Tunis) and Kalbia (in center of
Tunisia) sebkhas. Seeds of H. wulgare (var. Manel) were obtained from the National Institute of
Agronomic Research of Tunis. Seeds were disinfected with sodium hypochlorite (1%) for a few
minutes and thoroughly rinsed with distilled water. They were then germinated in Petri dishes. After
one week, the seedlings were transferred onto hydroponic medium (Fig. 7A) in plastic tubs (8 liters)
filled with modified Hewitt's nutrient solution (Hewitt 1966) and placed in a growth chamber set to a
light/dark cycle of 16h/8h (photosynthetically active radiation 300 umol m2 s*), 20-24°C day/night, and
40 to 60% relative humidity. The nutrient solution contained the following macronutrients (in mM):
MgSQO, (1.5), KH,PO4 (1.6), NH4sNO; (2), Ca(NO3), (5) and Na,HPO, (0.4). The micronutrients were (in
pMM): Mn (9), Cu (0.6), Zn (0.7), B (4.6), Mo (0.2) (Arnon and Hoagland 1940) and Fe (53) (Jacobson
1951). The solution was renewed every 3 days. Plants grown in such conditions for 5 weeks were
used as control. Other plants, grown in parallel, were submitted to NaCl treatments: the hydroponic

solution was supplemented with 200 mM NaCl either 48 h or 7 days before the end of the 5" week of
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growth. Thus, control and salt-treated plants were harvested exactly at the same time, after 5 weeks of

growth in hydroponic conditions.

Biomass and ion content analyses

Shoot and root dry weights (DW) were measured after 72 h at 60 °C. Sodium and potassium contents
were assayed by flame spectrophotometry after extraction from dry tissues with 0.1 N HCI. Potassium
Absorption Efficiency (KAE, in pmol K*/mg DWroots) was determined as the ratio of the total (root +

shoot) plant K* content divided by the root dry weight.

Isolation of Hordeum maritimum HmHKTZ, 71 cDNA

RNA from 18-day-old H. maritimum Soliman and Kalbia seedlings was extracted using RNeasy Mini
Kit (Qiagen). To remove contaminating genomic DNA, total RNA (2.5 ug) was treated with DNase
using DNase | Kit (Invitrogen). DNase-treated RNA (1 pg) was reverse transcribed using a
ThermoScientific Revert Aid Premium Reverse Transcriptase (200 U/ul). Two microliters of first-strand
cDNA was used as template for PCR amplification of HmHKTZ;7 sequence using iProof High-Fidelity
DNA polymerase in a reaction solution prepared according to the instructions of the manufacturer
(BIO-RAD). Primers, designed on the basis of alignment of HK72,7-type sequences from different
Poaceae, hybridizing on 5-UTR and 3-UTR sequences, were
5-TCGCACTCATATATAGCACCATG-3 (Forward) and 5-CCAAGTAATCTTGGTCACTTGTATCA-3’
(Reverse). Amplified products were treated for 15 min at 72°C in the presence of GoTag polymerase
and dATP, for desoxiadenosine addition at the 3’ end, then cloned in the pGEM-T Easy vector

(Promega) and sequenced.

Quantitative RT-PCR analyses

DNase-treated RNA samples (1.5 pg) from total RNA extracted using RNeasy Mini Kit (Qiagen) were
used to synthesize first-strand cDNA using the SuperScript Ill Reverse Transcriptase (200 U/ul)

(Invitrogen). Primer pairs were designed from AmHKTZ; 1 and reference gene coding sequences (actin
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and EF7) using Primer3 software with the following parameters: Tm between 59 and 61 °C; PCR
product size of 103-138 base pairs (bp); primer length of 18-20 bp, and GC content of 50-55%.
HmHKTZ; 1 specific primers: 5-CTCTGATGAGTCGCAGCTTG-3 (Forward) and
5-GGCAAAGTACCCAAAGACCA-3’ (Reverse); actim 5-CAATGTTCCTGCCATGTACG-3’ (Forward)
and 5- ATGAGGAAGGGCGTATCCTT3 (Reverse); EF7: 5-TCTCTGGGTTTGAGGGTGAC-3’
(Forward) and 5-CTTGGGCTCATTGATCTGGT-3" (Reverse). First strand cDNA was used as a
template for gqRT-PCR. PCR were performed in 96-well blocks with a LightCycler 480 Real-Time PCR
system using SYBR Green 1 Master mix (Roche), as recommended by the manufacturer: 10 min at
95°C, 45 cycles at 95°C for 10 s, 60°C for 10 s and an elongation phase of 72°C for 15 s. At the end of
the reaction process, the dissociation curve was derived by heating the amplicon from 65 to 97°C (at a
rate of 0.11°C/s). All gRT-PCR were run in technical and biological triplicates.

Absolute numbers of HmHKTZ;7 cDNA molecules were determined using standard curves
obtained from dilution series of known amounts of fragments from the corresponding cDNA. Rough
expression values of HmHKTZ;7 were slightly corrected using a normalization factor obtained by
geometric averaging of acfin and EF7 reference gene expression values using GeNorm V.3

(Vandesompele et al. 2002).

Construction of chimeric H. vulgarel H. maritimum HKTZ2;7 cDNA

Chimeric HKT72,7 cDNA were produced using H. mariimum and barley HKT72;7 cDNA subcloned into
the Xenopus oocyte expression vector (see below) and common restriction sites for domain swapping:
BstEll (position 709) and Asi/ (position 1078) for the chimera HvHm-5S, Nde/ (position 1399) and the

Hindlll site downstream of the cDNA in the vector cloning cassette for the chimera HvHm-8S (Fig 6A).

Expression in Xenopus laevis oocytes

. Capped and polyadenylated cRNA were synthesized /n vitro, using the mMMESSAGE mMACHINE T7
kit (Ambion), from linearized pGEMXho vector (Mian et al. 2011) containing H. maritimum, barley or

chimeric HKT72;7 cDNA subcloned downstream from the T7 promoter between the 5 and 3’
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untranslated regions of the Xenopus (-globin gene. Oocytes were isolated as described previously
(Véry et al. 1995), injected with either 50 nl of DNase-free water (for control oocytes) or with 50 ng of
HmHKTZ:1 or 20 ng of HVHKTZ:1, HvHm-5S or HvHm-8S cRNA (unless otherwise stated in the
Figure legends) in 50 nl DNase-free water, and then kept at 19 °C in ND96 medium (96 mM NaCl, 2
mM KCI, 1.8 mM CaCl,, 1 mM MgCl,, 2.5 mM Na-pyruvate, and 5 mM HEPES-NaOH, pH 7.4)

supplemented with 0.5 mg.I"' gentamycin until electrophysiological recordings.

Two-Electrode Voltage Clamp

Whole-cell currents from oocytes were recorded using the two-electrode voltage clamp technique. The
voltage-clamp amplifier was a GeneClamp 500B (Axon Instruments). Voltage-pulse protocols, data
acquisition and data analyses were performed using Pclamp10 (Axon Instruments) and Sigmaplot 9
(Systat Software) softwares. Both applied voltage (V) and current (1) were recorded. In the resulting I/V
plots, inward conductances were defined as the slopes of the |-V curve between the three most
negative imposed voltages for each ionic condition. A correction was made for the voltage decrease
resulting from the series resistance of the bath and the reference electrode using two external
electrodes connected to a bath probe (VG-2A x100 Virtual-ground bath clamp; Axon Instruments).
Electrodes were filled with 3 M KCI. Bath solutions were continuously perfused during the experiment
and contained 6 mM MgCl,, 1.8 mM CaCl, and 10 mM MES/bis-Tris Propane (pH 5.5). Alkaline
monovalent cations (K*, Na*, Li*, Rb* or Cs*) were added as glutamate or chloride salts (as indicated
in the figure legends). D-mannitol was added when necessary to adjust the osmolarity in the 200-240
mOsmol.I"" range in each set of solutions. The actual K* and Na* concentrations of the solutions were
measured by flame spectrophotometry. Currents through HmHKT2;1, HvHKT2;1 and the HvHm
chimeric transporters were calculated by subtracting from the total currents recorded in the oocytes
expressing HmHKT2;1, HVHKT2;1 or the HvHm transporters the corresponding mean currents
recorded in four water injected oocytes from the same batch under the same ionic and electrical

conditions.
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Figure legends

Fig. 1. Analysis of HmHKT2;1 sequence.

(A) Topology of HKT transporters and localization of the differences in amino acids between
HmHKT2;1 and HYHKT2;1. HKT polypeptides are characterized by a hydrophobic core comprised of 4
MPM (for transMembrane-Pore-transMembrane) domains, and short N-and C-terminal cytosolic tails.
Stars and the corresponding numbers indicate the relative position of the amino acid differences
between HmHKT2;1 and HVHKT2;1.

(b) List of the differences in amino acids between HmMHKT2;1 and HVHKT2;1.

(c) Phylogenetic relationships between HKT transporters from rice, wheat and barley. The unrooted
phylogenetic tree was constructed from full polypeptide sequences aligned with MEGAG (Tamura et al.
2013) with the neighbor-joining method with 10000 bootstrap replicates, using QuickTree software
(Howe et al. 2002). Bootstrap values (as percentages) are indicated at the corresponding nodes. The
protein accession numbers are: OsHKT1;3, CAD37185; OsHKT1;5, BAB93392; OsHKT1;4,
CAD37197; OsHKT1;1, CAD37183; OsHKT2;3; CAD37187, OsHKT2;4, CAD37199; OsHKT2;1,
BAB61789; OsHKT2;2, BAB61791; HvHKT2;1, CAJ01326; HmHKT2;1, MH019217; TaHKT2;1,

AAAS52749. Os, Oryza sativa, Ta, Triticum aestivum, Hv, Hordeum vulgare.

Fig. 2. HmHKT2;1 Na* transport activity and inward conductance in Xenopus oocytes. Currents were
recorded in solutions containing a fixed concentration of K* (0.5 mM) and different concentrations of
Na* (0.03 to 30 mM).

(A) Voltage-clamp protocol.

(B) Representative current traces recorded in control oocytes (injected with water) bathed in 0.5 mM

K’ background solution supplemented with 30 mM Na’ (30Na-0.5K solution).

(C) Representative current traces recorded in oocytes injected with 50 ng HmHKT2;1 and bathed in
30Na-0.5K solution.

(D) Representative current traces recorded in oocytes injected with 20 ng HVHKT2;1 and bathed in
30Na-0.5K solution.
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(E, F) HmHKT2;1 and HVHKT2;1 current-voltage (I/V) curves at different Na" external concentrations.

(G) HmHKT2;1 and HvHKT2;1 inward conductance dependency on external Na* concentration.
Inward conductances were defined as the slopes of |-V relationships between the three most negative
imposed potentials for each ionic condition. The conductance was extracted from |-V data shown in
panel (E) and (F) for HmMHKT2;1 and HvHKT2;1, respectively. The data were fitted (solid line) with a

Michaelis-Menten equation to determine the apparent half-saturation constant (K,) using the following
equation: G = Gmax x [Na*J/(K|, + [Na*]). Fit parameters for HmHKT2;1: K|, = 0.8 mM and Gmax = 94
MS. For HVHKT2;1: K|, = 4.7 mM and Gmax = 280 pS. Means + SE; n =6 and n = 4 for HmHKT2;1

and HvVHKT2;1, respectively.

Fig. 3. HmMHKT2;1 K* transport activity and inward conductance in Xenopus oocytes in presence of
100 mM Na*. Currents were recorded in solutions containing a fixed concentration of Na* (100 mM)
and different concentrations of K* (0.03 to 30 mM).

(A) Voltage-clamp protocol.

(B) Representative current traces recorded in control oocytes (injected with water) bathed in the 100
mM Na* background solution supplemented with 30 mM K* (100Na-30k solution).

(C) Representative current traces recorded in oocytes expressing HmHKT2;1 and bathed in 100Na-
30K solution.

(D) Representative current traces recorded in oocytes expressing HvHKT2;1 and bathed in 100Na-
30K solution.

(E, F) HmHKT2;1 and HvHKT2;1 current-voltage (I/V) curves at different K* external concentrations.
Inset: I/V relationships obtained with 10 and 30 mM K* only.

(G) HmHKT2;1 and HvHKT2;1 inward conductance dependency on external K* concentration. Inward
conductances were defined as the slopes of |-V relationships between the three most negative
imposed potentials for each ionic condition. The conductance was extracted from |-V data shown in
panels E and F for HmMHKT2;1 and HvHKT2;1, respectively. For HYHKT2;1, the data were fitted
(dotted line) with a Michaelis—Menten equation to determine the apparent half-saturation constant for

K* (Ky) using the equation: G = Gmax x [K*]/(Ky + [K*]). Fit parameters: Ky = 1 mM and Gmax = 205
30
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pS. For HmHKT2;1, the results provide evidence of a decrease in inward conductance at high K*
concentrations since the I/V curve at 30 mM K* crosses the curve at 10 mM K* and displays a slope
(at the most negative membrane potentials) smaller than that of the latter I/V curve (at 10 mM K*). In
order to take into account such an inhibiting effect of high K* concentrations on HmHKT2;1 inward
conductance, the kinetics data were fitted (solid lines) using the equation: G = Gmax x {[K*]/(Ky +
KD} {1 - [K*]/ (K + [K*])}, which describes the dependency of the inward conductance on external K*
concentration as resulting from two opposite phenomena: a hyperbolic increase in the conductance
with the external concentration of K*, {[K*]/(Ky + [K*])}, characterized by a half-saturation constant Ky,
and an inhibition of the conductance by the external concentration of this cation, {1 - [K*] / (K + [K*])},
characterized by an inhibition constant K. Fit parameters: Ky, = 0.06 mM, K; = 216 mM and Gmax =

101 uS. Means + SE; n =4,

Fig. 4. Inhibition of HmMHKT2;1 and HYHKT2;1 conductance by increased external K* concentrations in
presence of 30 mM or 0.5 mM Na*. Currents were recorded in solutions containing a fixed
concentration of Na* (30 mM or 0.5 mM) and different concentrations of K* (0.03 to 30 mM), the
corresponding current-voltage (I/V) curves being shown in Supplementary Fig. S3. The methodology
to investigate the dependency of the transporter inward conductance on external K* concentration by
using such 1I/V curves is described in the legend to Fig. 3, the experimental data being fitted (solid
lines) with the equation G = Gmax {[K V(K , + [K )} {1 - [K*] / (K + [K'D}.

(A) Kinetics in presence of 30 mM Na*. Fit parameters: Ky = 0.05 mM, K; = 24 mM and Gmax = 93 uS
for HmMHKT2;1, and Ky, = 1.3 mM, K; = 5.6 mM and Gmax = 601 pS for HYHKT2;1.

(B) Kinetics in presence of 0.5 mM Na*. Fit parameters: Ky, = 0.02 mM, K; = 9 mM and Gmax = 22.4
pS for HmMHKT2;1, and Ky = 0.04 mM, K; = 4.9 mM and Gmax = 110 uS for HYHKT2;1. Means + SE.
Analysis in presence of 30 mM Na*: n = 5. Analysis in presence of 0,5 mM Na*: n=3 and n=4 for

HmMHKT2;1 and HVHKT2;1, respectively.

Fig. 5. Sensitivity of HmHKT2;1 and HvHKT2;1 zero current potential (Erev) to external Na* or K*

activity. (A) 0.5 mM K*, Na* concentration varied. (B) 0.5 mM Na*, K* concentration varied. (C) 30 mM
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Na*, K* concentration varied. (D) 100 mM Na*, K* concentration varied. Data are taken from the
experiments shown in Fig. 2E and F for panel A, from Supplementary Fig. S3 for panel B, from
Supplementary Fig. S2 for panel C, and from Fig. 3E and F for panel D. Means = SE; n > 3 (see the

legends of the corresponding figures).

Fig. 6. Inward conductance dependency on external Na* and K* concentrations in the chimeric
transporters HvHmM-5S and HYHm-8S.

(A) Topology of the chimeric transporters showing the regions from H. maritimum introduced in H.
vulgare. H. vulgare regions are in dark grey. The region originating from H. maritimum is in pale gray.
In the latter region, the stars indicate the positions of amino acids specific to H. maritimum.

(B) Inward conductance dependency on external Na* concentration. Xenopus oocytes were injected
with 20 ng of HvHm-5S or HvHm-8S cRNA. Currents were recorded in solutions containing 0.5 mM K*
and different concentrations of Na* (0.1 to 30 mM), the corresponding I/V curves being shown in
Supplementary Fig. S5. Inward conductances were determined from I/V relationships and fitted to a
Michaelis—-Menten equation as described in the legend to Fig. 2G. Fit parameters: for HvyHmM-5S, Ky =
0.8 mM and Gmax = 87 uS, for HvHm-8S, Ky, = 3 mM and Gmax = 88 uS.

(C) Inward conductance dependency on external K* concentration. Xenopus oocytes were injected
with 20 ng of HvHm-5S or HvHm-8S cRNA. Currents were recorded in solutions containing 30 mM
Na* and different concentrations of K* (0.3 to 30 mM), the corresponding I/V curves being shown in

Supplementary Fig. S6. Inward conductances were determined from I/V relationships and fitted to the
equation G = Gmax {[KJ']/(KM + [K+])} {1-[K7/ (Ki + [K*])}, as described in the legend to Fig. 4. Fit

parameters: for HvHm-5S, Ky = 0.4 mM, Ki = 104 mM and Gmax = 207 uS, for HvHm-8S, Ky = 0.3

mM, Ki =11 mM and Gmax = 175 uS.

Fig. 7. HmHKTZ;1 transcript accumulation in shoots and roots of Hordeum maritimum Kalbia and
Soliman plants grown in standard solution or submitted to a saline treatment. (A) Protocol. All the
plants were hydroponically grown for 5 weeks before being harvested. The nutrient solution was the

standard one during the whole 5-week period (control plants), or was supplemented with 200 mM
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NaCl either 48 h or 168 h (7 days) before the harvest. (B) HmHKTZ2,7 transcript accumulation.
Transcript accumulation (expressed per ng of RNA) was determined by qRT-PCR. Means * SE (three
biological repetitions; for each biological repetition: three technical repetitions). Asterisks indicate

significant differences (Student’s #test, £<0.05) between Soliman and Kalbia plants.

Fig. 8. Potassium and sodium accumulation in plants grown in standard conditions or submitted to a
saline treatment. All the plants were 5-week-old when harvested. The nutrient solution was the
standard one (control plants) for the whole growth period, or was supplemented with 200 mM NaCl
either 48 h or 168 h before plant sampling (protocol: see Fig. 7A). (A) K* accumulation (umol.plant™).
(B) Na* accumulation (umol.plant'). Means = SE (n = 4). Asterisk: significant difference (Student’s £

test, /<0.05) between Soliman and Kalbia plants.

Fig. 9. Comparison of Hordeum maritimum Kalbia and Soliman plant biomass production in standard
or saline conditions. All the plants were 5-week-old when harvested. The nutrient solution was the
standard one (control plants) for the whole growth period, or was supplemented with 200 mM NaCl
either 48 h or 168 h before plant sampling (protocol: see Fig. 7A). Means + SE (n = 4). Asterisk:
significant difference (Student's £test, ~<0.05) between Hordeum maritimum Soliman and Kalbia

plants. Visual phenotype of the plant shoots: see Supplementary Fig. S8.

33

6102 AInr Z1 uo Jasn a1e1s ojeung Aq Z960£SS/9€ 1.zod/dod/g60 10 L/10p/AoBaSae-aoie-soueApe/dod/woo dno-olwepeoe//:sdiy Woll papeojumo(]



Fig. 1.

Plant & Cell Physiology

N° Residue HmMHKT2;1 HvHKT2;1

w

w

o
=>>0np2Z2A4TVHAH>P<rI<MUOTOLZD
Z24vw0<OpPupP<-<T-0-4>%

C 3
|~
3 % )
§ % CR
(TP P
124 100 A
5799 4
>
\‘& % —
8
”4
4,/ %
//I/
/
.,3‘}
Lo
o g
b A °
L )
% %
o1 )
N

Page 34 of 84

610z AInr Z1 uo Jasn ajeis ojeyng Aq 2960£5G/9¢ 1L zod/dod/e60L "0 L/10pAoeSge-9|oi1e-aoueApe/dod/w oo dno-ojwapeoe//:sdny woly papeojumoq



Page 35 of 84 Plant & Cell Physiology

A Protocol B  Control oocyte

in 30Na-0.5K
] ——-15mV | :
0.04 pA |_

200 ms
-165 mV
C HmHKTZ2;1 D HvVHKT2;1
in 30Na-0.5K in 30Na-0.5K

. —

200 ms 200 ms

E HmHKT2;1

Vm (mV)

1 (uA)
5

—e— 0,1
A 0,3
—A— 1 -15
—{+ 3
0.5mM K* o L *n  la
G .
300 O HmHKT2:1
& ® HVHKT2;1
= 250 - _§
= [
g -
& 200 -7
3 ¥
e ,
S 150 1 //
° /
< /
E 100 1 / o)

T T T T 1

0 5 10 15 20 25 30 35
Na* Concentration (mM)

Fig. 2

610z AInr Z1 uo Jasn ajeis ojeyng Aq 2960£5G/9¢ 1L zod/dod/e60L "0 L/10pAoeSge-9|oi1e-aoueApe/dod/w oo dno-ojwapeoe//:sdny woly papeojumoq



Fig. 3.

A Protocol Plant & Cell Fhysfefdaly ol oocyte

-165 mV

in 100Na-30K

+30 mV

0.1 pA

200 ms

C HmHKT2;1 D HVHKT2;1
in 100Na-30K in 100Na-30K

25 uAI_
200 ms

e
L*_____

GuAI_

200 ms

E  HmHKT2;1 't F HVHKT2;1

Vm (mV)

g? 50 -200 -150 -100 -50

-10

-20

-30

-

(v 1

G 100 mM Na*

HuA)

50

30 50

300 - O HMHKT2;1
® HVHKT21
—~ 250 1
(2]
2
8 200 1 e __%
e I —
7
3 150 4 &
c /
8 !
o 1023 0
N 4 é
H
< 3
= 507
0 T T T T T T ]
0 5 10 15 20 25 30 35

K* Concentration (mM)

Page 36 of 84

610z AInr Z1 uo Jasn ajeis ojeyng Aq 2960£5G/9¢ 1L zod/dod/e60L "0 L/10pAoeSge-9|oi1e-aoueApe/dod/w oo dno-ojwapeoe//:sdny woly papeojumoq



Plant & Cell Physiology

30 mM external Na*

Page 37 of 84

A

Downloaded from https://academic.oup.com/pcp/advance-article-abstract/doi/10.1093/pcp/pcz136/5530962 by Buffalo State user on 12 July 2019

[T}
" .
r o (0]
L o
o S .. ®
]
1 ]
i |
’ 0 ! Y
[} [N <© ' N o
Ed / = N ! <
Xy / lo § v i FQ o
Iz NE + ITX ! =1
E> \ m o mW ! m
IT ) = pd ITI / c
/ n 8 — ! Lo 8
ce / [ c ] oe / - e
/ [} c / @
; (@] —_
/ + (&) +K
P o x =
/
\\ ©
Ve L o =
’ £
—é 0
Core+ ° o
o o o (=] o o
(srl) @auejonpuod premul
(srl) @ouelONpUOD premu| m

Fig. 4.



Plant & Cell Physiology

A 0.5 mMKt, Na* varied

—0— HmMHKT2;1
40 . —®— HVHKT2;1

0.1 1 10 100
Na* activity (mM)

C 30 mM Nat, K* varied
—O— HmMHKT2;1
07 —e— HVHKT21

Erev (mV)

0.1 1 10 100
K* activity (mM)

Fig. 5.

Erey (MV)

0.5 mM Na*t. K™ varied
—0— HMHKT2;1
40, —& HVHKT2;1

-60
-80
-100
-120

-140
0.1 1 10 100
K* activity (mM)

D 100 mM Na*, K* varied
—0O— HmMHKT2;1

07 —e— HvHKT2i1

20
N
E 40
>
o ’
& 60 L’

7
-80 ‘
100
0.1 1 10 100

K* activity (mM)

Page 38 of 84

610z AInr Z1 uo Jasn ajeis ojeyng Aq 2960£5G/9¢ 1L zod/dod/e60L "0 L/10pAoeSge-9|oi1e-aoueApe/dod/w oo dno-ojwapeoe//:sdny woly papeojumoq



Plant & Cell Physiology

Page 39 of 84

Downloaded from https://academic.oup.com/pcp/advance-article-abstract/doi/10.1093/pcp/pcz136/5530962 by Buffalo State user on 12 July 2019

HvHm 5S

HvHm 8S

B
N\

C 30 mM external Na*

f

B 0.5 mM external K*

0 5 10152025 30
K* concentration (mM)

00000
n O m S R
S =

(sr) @oueloNpuUod premu|

o

0 5 101520 25 30
Na* concentration (mM)

S w o w
S ~ b « ©

(sr) soueoNpUod premu|

O HvHm 5S
@® HvHm 8S

Fig. 6.



Plant & Cell Physiology Page 40 of 84

d-week growth Sampling of
i ; 5-week-old plants
in standard solution

e =

7 further days in standard solution

or
+ | 5further days in standard solution +  48hinZ00mmnaci >

or
| 168 in 200 mM Nadl

B mmmm Hordeum maritimum Kalbia
100 - == Hordeum maritimum Soliman

Shoots
80 *

60

40
N Iﬂ
0- .

Roots
800 1 l

Transcript accumulation
(copies per ng of RNA)

[=2]
o
o

S
o
o

Transcript accumulation
(copies per ng of RNA)

N
o
o

Control 48 168
Time (h) in 200 mM NaCl

Fig. 7.

610z AInr Z1 uo Jasn ajeis ojeyng Aq 2960£5G/9¢ 1L zod/dod/e60L "0 L/10pAoeSge-9|oi1e-aoueApe/dod/w oo dno-ojwapeoe//:sdny woly papeojumoq



Plant & Cell Physiology

Page 41 of 84

*

T
|

mmmm Hordeum maritimum Kalbia
—= Hordeum maritimum Soliman

Downloaded from https://academic.oup.com/pcp/advance-article-abstract/doi/10.1093/pcp/pcz136/5530962 by Buffalo State user on 12 July 2019

168

48

Time (h) in 200 mM NaCl

Control

200 4

o o o

0

3 < 8 ? < 8 S
— — —
(;3ueldrjowrl) m (;3ueid’jowrl) eN

Fig. 8.



Page 42 of 84

Plant & Cell Physiology

Downloaded from https://academic.oup.com/pcp/advance-article-abstract/doi/10.1093/pcp/pcz136/5530962 by Buffalo State user on 12 July 2019

168

Shoots
Roots

48

mmmm Hordeum maritimum Kalbia
—= Hordeum maritimum Soliman
Time (h) in 200 mM NaCl

Control

0
0
0
20
0,
40 |
30 A
0
0
0,

o o o
< N o 0 © < N -
i - —

(Bwy) 1yBram A1q (Bw) wybram Auq

Fig. 9.





