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Abstract

Genes that enable crops to limit Na+ accumulation in shoot tissues represent potential sources of salinity tolerance

for breeding. In barley, the HvNax4 locus lowered shoot Na+ content by between 12% and 59% (g21 DW), or not at
all, depending on the growth conditions in hydroponics and a range of soil types, indicating a strong influence of

environment on expression. HvNax4 was fine-mapped on the long arm of barley chromosome 1H. Corresponding

intervals of ;200 kb, containing a total of 34 predicted genes, were defined in the sequenced rice and Brachypodium

genomes. HvCBL4, a close barley homologue of the SOS3 salinity tolerance gene of Arabidopsis, co-segregated with

HvNax4. No difference in HvCBL4 mRNA expression was detected between the mapping parents. However, genomic

and cDNA sequences of the HvCBL4 alleles were obtained, revealing a single Ala111Thr amino acid substitution

difference in the encoded proteins. The known crystal structure of SOS3 was used as a template to obtain

molecular models of the barley proteins, resulting in structures very similar to that of SOS3. The position in SOS3
corresponding to the barley substitution does not participate directly in Ca2+ binding, post-translational

modifications or interaction with the SOS2 signalling partner. However, Thr111 but not Ala111 forms a predicted

hydrogen bond with a neighbouring a-helix, which has potential implications for the overall structure and function

of the barley protein. HvCBL4 therefore represents a candidate for HvNax4 that warrants further investigation.

Key words: Barley, Brachypodium, calcineurin-B like, genetic mapping, protein modelling, QTL, rice, salinity tolerance, sodium

exclusion, SOS3.

Introduction

The impacts of salinity on plant growth arise through the

effects of dehydration (osmotic toxicity) and interference

with cellular metabolism caused by high levels of Na+ in the

cytoplasm (ion-specific toxicity) (Munns and Tester, 2008).

Na+ can inhibit K+ uptake (Rains and Epstein, 1965), and
in the cytoplasm, Na+ readily displaces K+ in many

enzymes that require K+ as a co-factor for their activity

(Tester and Davenport, 2003). Therefore, genes that can

either help limit net Na+ uptake into the shoots or that

enable a high cytoplasmic K+/Na+ ratio to be maintained

are regarded as potential sources of salinity tolerance.

Knowledge of chromosome regions controlling Na+ exclu-

sion and other salinity tolerance-related traits in cultivated

cereals and their near-relatives has been reviewed (Colmer

et al., 2006; Genc et al., 2010; Shavrukov et al., 2010).

Various transporters and regulatory factors are known to

influence net Na+ uptake in plants (reviewed by Plett and
Møller, 2010), and some of these have been shown (or

implicated) to govern natural genetic variation for Na+ ac-

cumulation. Member(s) of the HKT family of Na+ trans-

porters and Na+/K+ symporters control variation for Na+

accumulation at the SKC1 locus of rice (Oryza sativa L.)

(Ren et al., 2005), and are strong candidates for Na+

exclusion genes at the Nax1, Nax2, and Kna1 loci of wheat

Abbreviations: HvNax4, Hordeum vulgare Na+ exclusion locus 4; SOS, SALT OVERLY SENSITIVE; RT-PCR, reverse transcription-polymerase chain reaction; QTL,
quantitative trait locus/loci; CBL, calcineurin-B like; HKT, high-affinity K+ transporter; 3D, three-dimensional.
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(Triticum spp.) (Huang et al., 2006; Byrt et al., 2007) and at

a QTL in Arabidopsis thaliana (L.) Heynh. (Rus et al.,

2006). A vacuolar H+-pyrophosphatase gene was identified

at the HvNax3 Na+ exclusion locus of barley (Hordeum

vulgare L.) and represents a plausible candidate for the

controlling gene (Shavrukov et al., 2010). Vacuolar H+-

pyrophosphatase contributes to the electrochemical gradi-

ent for H+ across the tonoplast, which can be used to power
the NHX Na+/H+ antiporter. This process sequesters Na+

in the vacuole and can prevent Na+ from reaching toxic

concentrations in the cytosol. In Arabidopsis, salt overly-

sensitive (sos) mutants have enabled the identification of

a salinity tolerance mechanism comprising the SOS1 plasma

membrane H+/Na+ antiporter and its regulators—the SOS2

kinase and the SOS3 calcineurin-B like protein (Liu and

Zhu, 1998; Halfter et al., 2000; Liu et al., 2000; Shi et al.,
2000; Guo et al., 2001, 2004; Qiu et al., 2002; Quintero

et al., 2002). However, to our knowledge, SOS genes have

not been reported to control any natural variation in

salinity tolerance.

A recent study in barley focusing mainly on the genetics

of Zn2+ accumulation identified a locus on the long arm of

barley chromosome 1H with a large effect on shoot Na+

accumulation (Lonergan et al., 2009). In the doubled-
haploid (DH) mapping population made from a cross

between the Australian variety Clipper and the Algerian

landrace Sahara 3771, the locus controlled 79% of the

variation in the trait and a ;2-fold average difference in

shoot Na+ concentration. In the current study, the pheno-

type of the locus (named HvNax4) has been characterized in

more detail, showing that its expression is strongly de-

pendent on growth conditions. Fine-mapping identified
a co-segregating gene (HvCBL4) with close similarity to

Arabidopsis SOS3. HvCBL4 was investigated as a candidate

for the HvNax4 gene by mRNA expression profiling and

sequencing and, in addition, by constructing the molecular

model of HvCBL4 based on the known crystal structure of

SOS3 from Arabidopsis.

Materials and methods

QTL analysis

QTL analysis of shoot Na+ and K+ accumulation was performed
in the Clipper3Sahara 3771 mapping population of 146 DH lines,
using the accumulated marker dataset (Jefferies et al., 1999;
Karakousis et al., 2003; P Langridge, M. Pallotta, unpublished
data), and shoot elemental content data obtained by inductively
coupled plasma atomic emission spectrometry (ICPAES) (Zarcinas
and Cartwright, 1987) in four experiments previously performed at
the Waite Campus of the University of Adelaide.
Experiment 1. This represents the study Lonergan et al. (2009)

undertook to measure mineral nutrient accumulation in plants at
the vegetative developmental stage. The soil base was a calcareous
aeolian sand (67% CaCO3, pH 8.6) collected at Wangary (South
Australia). It was supplemented with nutrients as described by
Lonergan et al. (2009), including NaCl at 4.16 mg kg�1 dry soil.
Plants were raised in a growth chamber with a 15/10 �C 10/14 h
day/night cycle and whole shoots of 4-week-old plants harvested
for analysis.
Experiment 2. This study (Y Zhu, S Smith, unpublished data)

used the low phosphorus calcareous soil described by Zhu et al.

(2003) and was originally designed to investigate phosphorus use
efficiency. A base of grey calcareous soil (pH 8.7; 25 mg kg�1

NaHCO3-extractable P, 38.2% CaCO3), collected from Minnipa,
South Australia, was supplemented with nutrients as described by
Zhu et al. (2003). These supplements did not include any
phosphorus or sodium. Plants were grown in a growth chamber
and whole shoots harvested at 5.5 weeks.
Experiment 3. This was the dataset Jefferies et al. (1999)

generated for boron tolerance studies. A soil of silty clay loam
texture was taken from the 10 cm top layer of a red-brown earth at
Glenthorne Research Farm, O’Halloran Hill, South Australia
(Paull et al., 1988), and supplemented with a high level of boron
(0.1 g kg�1 soil) but no sodium. In 2008, an analysis of the same
box of soil (CSBP, Perth, Australia) showed it to have a pH of 6.6,
a conductivity (1:5 soil:water extract) of 1.33 dS m�1, and Na+ at
3.53 mEq per 100 g dry soil (0.81 g kg�1 dry soil). Plants were
grown in a 25-cm deep box in a greenhouse, and shoots harvested
at 5 weeks.
Experiment 4. This experiment was originally designed to study

the potential effects of a combined boron and salt stress in
hydroponics (M Quinn, unpublished data). Plants were grown on
a wire mesh that was level with the surface of the aerated
hydroponics solution, in a growth chamber, with 12/12 h day/night
cycle and a constant temperature of 20 �C. The Hydrogro
hydroponic nutrient solution (The Gro-Shop, Adelaide, Australia)
was made by diluting stocks A and B 250-fold and does not
contain sodium. When plants were 16 days old, boron (100 mM)
and NaCl (50 mM) was added to the solution, and 2 d later NaCl
was increased to 100 mM. After a further 4 d, whole shoots were
harvested (when plants were 3 weeks old and-1 day old).
Single point linkage analysis (P <0.001) was performed using

Map Manager QTX version 0.30 software (Manly et al., 2001).
A minimum logarithm of the odds (LOD) score of 2.0 was used to
define significant marker–trait associations.

HvNax4 fine mapping

Additional markers were obtained using previously described
RFLP markers from the HvNax4 chromosome region, by convert-
ing published RFLP markers from the region into PCR markers,
and by making new PCR markers from genes predicted to be in
the region through co-linearity with the rice genome sequence,
following established methods (Chen et al., 2009a). Primers and
enzymes used for PCR markers are provided in Supplementary
Table S1 at JXB online. Most of the genes from the correspond-
ing rice interval (21–28 Mb of rice chromosome 5 sequence
NC_008398.1) had homologues on rice chromosome 1 (22.43–
37.58 Mb of NC_008394.1), consistent with a known duplication
involving these genomic regions which predates the evolutionary
divergence of the Triticeae and rice (Salse et al., 2008; data not
shown). Hence, care was taken to base PCR marker primer
sequences on barley ESTs which, in rice, most closely matched
the gene copies on chromosome 5. The markers were scored in the
Clipper3Sahara 3771 DH lines that were recombinant for
the HvNax4 marker interval. The HvNax4 locus was located to
a single point on the genetic map by comparing shoot [Na+] values
for the DH recombinants with the phenotype distributions of the
non-recombinants, in the manner described by Schnurbusch et al.
(2007).
Mapping was also performed using an HvNax4-segregating F2

population, made by crossing DH lines DNA83 and DNA89 from
the Clipper3Sahara 3771 population. Screening for recombinants
was undertaken using the multiplex assay for HvNax4-flanking
PCR markers ABC257 and BCD304 (see Supplemetary Table S1
and Supplementary Fig. S1 at JXB online). Genomic DNA of the
125 F2 individuals was kindly provided by T Sutton and A Hay. F2

recombinants were scored for intervening markers and for the
HvNax4 locus by measuring shoot Na+ accumulation in progeny
F3 families (see below). Selected markers were also used to score
F3 individuals, to allow comparisons of Na+ accumulation in
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plants containing the three different combinations of the two
chromosomes derived from the F2 plant. This approach enables
robust genotyping of single recombinants at subtle QTL loci (Chen
et al., 2009b; Shavrukov et al., 2010). Shoot Na+ data were
subjected to ANOVA using the Genstat software package (NAG,
Oxford, UK). Within each F3 family, plants homozygous for
recombinant and non-recombinant chromosomes were compared
to determine whether or not there was segregation for Na+

accumulation controlled by the target chromosome region. Where
the F value was significant (P <0.05), the LSD test was used to
compare the means. Graphic visualization of marker and trait
locus scores was used to establish locus order. Recombination
fractions were converted to cM using Kosambi’s mapping function
(Kosambi, 1944).
F3 plants (48 per family) were scored for Na+ accumulation

using the same box of soil that Jefferies et al. (1999) used for
boron tolerance studies. At the time of the experiment in 2008, an
analysis of the soil was performed (see Experiment 3 description).
Seeds were sown 2–3 cm deep and 2 cm apart and the soil watered
every second day. Four weeks after sowing, a 2-cm length of the
second leaf of each plant was used to extract DNA. The remaining
shoot material was harvested, oven-dried at 80 �C for 48 h,
weighed, digested in 50 ml Falcon tubes containing 10–20 ml of
1.0% HNO3 at 80 �C in heating blocks for 4 h, and analysed for
Na+ content using a flame photometer (model 4200, Sherwood,
UK), alongside standards of known concentrations.

Gene annotation and genomic comparisons

Homologues in rice were located by BLASTn searches of the
‘genomes (chromosome)’ database at NCBI (http://www.ncbi.nlm.-
nih.gov/). The MSU Osa1 gene annotations (Yuan et al., 2005)
were used to identify rice genes, either via the genome browser at
http://rice.plantbiology.msu.edu/cgi-bin/gbrowse/rice/ or by BLASTn
searches at http://blast.jcvi.org/euk-blast/index.cgi?project¼osa1. Like-
wise, Brachypodium distachyon (L.) genes were identified using
the genome browser at http://www.brachybase.org/cgi-bin/gbrowse/
brachy8/ or by using BLASTn searches of the 83 assembly sequence
at http://www.brachybase.org/blast/. Several annotated genes were
not described because they showed no clear nucleotide or protein sim-
ilarity to any other species (Os05g45779, Os05g45940, Bradi2g18560),
because they appeared to represent pseudogene fragments of another
gene in the interval (Bradi2g18610), or because they were related to
retrotransposons. Arabidopsis protein homologies were searched at
TAIR (http://www.arabidopsis.org/Blast/).

HvCBL4 sequencing

Barley ESTs were only available for the 3# half of the HvCBL4
coding sequence (AV913727 and AV921332). Five-prime random
amplification of cDNA ends (5#-RACE), RT-PCR, and genomic
fragment amplification were used to obtain the full-length cDNA
and genomic coding sequences of HvCBL4 (GenBank HM175878
to HM175881), using primers listed in Supplementary Table S2 at
JXB online. Protocols were as described by Collins et al. (2008),
except that the SMART II A oligonucleotide used in 5#-RACE
was made entirely of RNA. RACE and RT-PCR were performed
using total root RNA extracted from 3-week-old hydroponically
grown plants. The entire ORF from each parent was finally RT-
PCR amplified for sequencing from oligo-dT primed cDNA, using
the primers CBL-21 and CBL-6. The final genomic sequence was
obtained from two overlapping genomic PCR products, amplified
using primers CBL-21 with CBL-18, and CBL-1 with CBL-2.

Expression analysis

A set of 24 BC1F2-derived inbred lines were developed in the
Clipper background for HvNax4-candidate expression analysis
and for future physiological and agronomic studies. The
Clipper3Sahara 3771 DH line DNA44 carrying a Sahara 3771

HvNax4 allele was crossed with Clipper and an F1 plant back-
crossed with Clipper. A BC1F1 plant containing the Sahara 3771
HvNax4 allele was selected using the ABC257–BCD304 multiplex
marker assay and used to derive a BC1F2 family. BC1F2 plants
homozygous for contrasting HvNax4 alleles (12 for each allele)
were selected using the multiplexed markers and independently
used to generate BC1F2:6 bulked seed by successive rounds of
multiple plant (random) selection and selfing in the greenhouse
and field. Based on the genome-wide marker dataset (Karakousis
et al., 2003), line DNA44 derived around 65% of its genome from
Clipper. Therefore, the BC1F2-derived lines were expected to
have derived around 91% of their genomes from Clipper. They
superficially resembled Clipper in appearance.
Five BC1F2 derived lines carrying the Clipper HvNax4 allele and

four carrying the Sahara 3771 allele were used to compare mRNA
expression of the Clipper and Sahara 3771 derived HvCBL4 alleles.
Plants were grown in a greenhouse during September in the
supported hydroponics system described by Shavrukov et al.
(2010). Seeds were germinated on filter paper in Petri dishes and,
after 4 d, seedlings of similar sizes were transferred to hydroponics.
After growing plants without salt stress for 10 d, NaCl was added
to the growth solution twice daily, at 10.00 h and 14.00 h, in
increments of 25 mM, until a concentration of 150 mM was
reached after 3 d. Supplemental CaCl2 was added with the NaCl to
maintain a constant Ca2+ activity in the solution. The appropriate
amount was calculated using the Visual MINTEQ computer
program (Department of Land and Water Resources Engineering,
Stockholm, Sweden). Whole root systems were harvested immedi-
ately prior to the first salt addition and, at the same time of day,
3 d and 5 d thereafter. Per line and time point, roots of three
seedlings were bulked together to make one sample.
Quantitative RT-PCR was performed using an oligo-dT primed

first strand cDNA with the primers CBL-7F and CBL-12 (see
Supplementary Table S2 at JXB online), according to the methods
of Burton et al. (2004), except that half-scale reactions and an RG
6000 real-time thermal cycler (Corbett Research, Australia) were
used. The PCR program comprised 3 min at 95 �C, followed by 45
cycles of 1 s at 95 �C, 1 s at 55 �C, and 30 s at 72 �C, followed by
a single step for 15 s at the optimal acquisition temperature (82 �C
for the HvCBL4 product). PCRs were performed in triplicate to
obtain an average value for each cDNA/primer combination.
Normalizsation was performed according to Vandesompele et al.
(2002), using amplification from barley control genes encoding
glyceraldehyde-3-phosphate dehydrogenase, a-tubulin, heat shock
protein 70, and cyclophilin, using primers described by Burton
et al. (2004).

HvCBL4 protein sequence analysis and construction of molecular

models

The Structure Prediction Meta-Server (Ginalski et al., 2003),
SeqAlert (Bioinformatics and Biological Computing, Weizmann
Institute of Science, Israel), 3D-PSSM Server (Imperial College of
Science, Technology and Medicine, London, UK), and the Protein
Data Bank (http://www.rcsb.org/pdb/) were mined to identify the
most suitable three-dimensional (3D) structural template that
could be used for homology (comparative) modelling of the target
HvCBL4 proteins. The crystal structures of free SOS3 in complex
with four Ca2+ ions (Sánchez-Barrena et al., 2005) (PDB accession
1V1G) and the SOS2–SOS3 complex (Sánchez-Barrena et al.,
2007) (PDB accession 2EHB) were identified to be the best
templates. The 1V1G structure was used as a template to construct
3D molecular models of the HvCBL4 proteins including four Ca2+

ions, using the Modeller 9v7 software (Sali and Blundell, 1993;
Sánchez and Sali, 1998). Modelling was performed on a LINUX
workstation, running a Ubuntu 8.1 operating system. Final 3D
molecular models were selected from 50 models as having the most
favourable parameters of the Modeller 9v7 objective function (Sali
and Blundell, 1993) and Discrete Optimized Protein Energy
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(DOPE) scores (Eswar et al., 2006). The overall G-factors and the
stereochemical quality of the final models were calculated using
PROCHECK (Laskowski et al., 1993). The z-score values were
calculated using ProsaIIv3 (Sippl, 1993). The DeepView program
(Guex and Peitsch, 1997) was used in determining the RMSD
values in the Ca positions between the models and the 1V1G
template. Electrostatic potentials were calculated with the Adap-
tive Poisson-Boltzmann Solver (the dielectric constants of solvent
and protein were 80 and 2, respectively) (http://apbs.sourceforge.
net/) implemented in PyMol as a plugin, and mapped on protein
molecular surfaces that were generated with a probe radius of 1.4 Å.
PyMol (http://www.pymol.org) was used to generate molecular
graphics.
The protein sequence alignment was made in ClustalW (http://

www.ebi.ac.uk/Tools/clustalw2/index.html) and shading applied using
Boxshade 3.2 (http://www.ch.embnet.org/software/BOX_form.html).

Results

The HvNax4 QTL

The three pot experiments with the Clipper3Sahara 3771

DH mapping population each revealed a single highly
significant (LOD >3.0) QTL governing shoot [Na+], which

was near the end of the long arm of chromosome 1H, most

highly associated with the clustered markers ABC257,

cMWG733, BCD808a, and CDO669b. The Clipper allele

conferred lower [Na+]. The QTL detected in experiments 1,

2, and 3 had respective LOD scores of 39.1, 27.5, and 13.3,

and controlled 84%, 83%, and 35% of the total variation in

[Na+] as determined by marker regression analysis. The
QTL was not detected in the hydroponics dataset (experi-

ment 4), even at a level of moderate significance (LOD >2.0).

However, this was not simply due to mislabelling, because

the boron accumulation QTL on chromosome 4H that was

known to segregate in this population (Jefferies et al., 1999;

Sutton et al., 2007) was strongly manifested in this dataset

(LOD 11.5; most highly associated with marker: HvBot1).

ICPAES data for other elements were available for experi-
ments 1 and 3. Despite the fact that Na+ exclusion loci often

exert an inverse effect on K+ and Na+ concentrations, no K+

QTL was detected in either experiment, on chromosome 1H

or elsewhere in the genome. Surprisingly, in experiment 1

(only) a QTL for Mg2+ accumulation was detected at the

same marker position as the Na+ QTL. The LOD was 4.8

and the Sahara 3771 allele conferred lower [Mg2+]. Data for

shoot dry weight were available for experiments 1, 2, and 3,
and for root dry weight for experiment 2, but these data did

not reveal QTL on 1H. The locus on 1HL was named

HvNax4 (for Hordeum vulgare Na+ exclusion 4), to distin-

guish it from the durum wheat Nax1 and Nax2 loci, which

do not reside on chromosome regions corresponding to

barley 1HL (Lindsay et al., 2004; Huang et al., 2006; Byrt

et al., 2007), and the HvNax3 locus on barley chromosome

7H (Shavrukov et al., 2010).
Distributions of shoot [Na+] values in DH lines carrying

the Clipper or Sahara 3771 alleles of HvNax4 were

examined in lines that were non-recombinant for the QTL

marker interval ABC152–7SGlob, and are shown in Fig. 1.

The Clipper allele reduced Na+ levels by an average of 50%,

59%, and 12% in experiments 1, 2, and 3, respectively

(Table 1). Overall shoot [Na+] values in lines containing the

Clipper or Sahara 3771 allele varied widely between the

experiments, from 14.9 and 36.2 lmol g�1 DW, respectively,

in experiment 2, to 716 and 773 lmol g�1 DW, respectively,

in experiment 4 (Table 1).

Fig. 1. Frequency distributions for shoot [Na+], in Clipper3Sahara

3771 DH lines carrying the Clipper (black) or Sahara 3771 (grey)

alleles of HvNax4, in experiment 1 (A), 2 (B), 3 (C), and 4 (D).
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HvNax4 fine mapping

Initial BLAST searches using sequences of RFLP probes
mapped to the HvNax4 region of barley 1HL identified

a related genomic region on the long arm of rice chromo-

some 5, consistent with the known relationship between

these two chromosome regions (Stein et al., 2007). The co-

linearity with rice was used for the targeted generation of

15 gene-based PCR markers in the HvNax4 region (see

Supplementary Table S1 at JXB online). Fragments from 10

other genes were amplified and sequenced from Clipper and
Sahara 3771, but these could not be converted to markers

due to the absence of polymorphism (data not shown). In

addition, five gene-based RFLP markers previously mapped

to the HvNax4 region, either in the Clipper3Sahara 3771

population (ABC257, BCD808¼BCD265, and BCD304) or

in other populations of barley and wheat (BCD1930 and

cMWG733; Dubcovsky et al., 1995) were converted to PCR

assays (see Supplementary Table S1 at JXB online). During
PCR marker development, 42,901 bp of sequence from 30

genes was compared between the parents, revealing a total of

111 SNPs and 12 insertion/deletions (data not shown), giving

an average frequency of one polymorphism every 349 bp.

The RFLP markers ABC152 and PSR162, mapped to

wheat 1L (Dubcovsky et al., 1995; Quarrie et al 2005), were

scored in the entire Clipper3Sahara 3771 DH population as

RFLPs. In addition, the 20 new PCR markers were scored
in all 21 Clipper3Sahara 3771 DH lines that were recombi-

nant for the HvNax4 interval ABC152–7SGlob, giving rise

to an improved map (Fig. 2). Differences in gene order

between rice and barley suggested the presence of at least

two inversion differences (Fig. 2).

The frequency distributions in Fig. 1 were used sub-

jectively to designate [Na+] ranges that could be used to

predict the HvNax4 allele type in experiments 1, 2, and 3.
These ranges were used to allocate HvNax4 genotypes to

the lines recombinant for the HvNax4 interval ABC152–

7SGlob, enabling HvNax4 to be defined as a single point

locus on the map (Fig. 3). In the DH lines, HvNax4 co-

segregated with the markers FUS, HvCBL4, ADC, and

HTA and was separated by one recombination event from

the next closest marker(s) on either side (Figs 2, 3).

F2 analysis

Further mapping was undertaken using the DNA833DNA89
F2 population. The multiplex assay for the HvNax4-

flanking markers ABC257 and BCD304 (see Supplementary

Fig. S1 at JXB online) was used to screen 125 F2

individuals, identifying eight single recombinants and one

double recombinant (plant 990). The recombinants were

scored with ten of the intervening PCR markers, and their

HvNax4 genotypes were determined by assaying shoot Na+

accumulation in progeny F3 individuals grown in the
glasshouse in the soil from Glenthorne Research Farm. The

analysis (Fig. 4) also included two non-recombinant F2

plants heterozygous for both flanking markers (plants 6 and

19) and their F3 progeny families, which were used as

HvNax4-segregating controls.

Comparisons between sibling F3 homozygotes provided

a consensus position for the HvNax4 locus, co-segregating

with the markers FUS, HvCBL4, ADC, and HTA (Fig. 4).
Only the data from family 796 were not entirely consistent

with this location. Differences in average shoot [Na+] values

between the genotypic classes were in the directions

expected if HvNax4 was segregating in this family (and if

HvNax4 was located in the consensus position), however,

these differences were not significant. The HvNax4 position

indicated by the F3 analysis was the same as the one

provided by the DH analysis (Figs 2, 3), indicating that this
locus position was accurate.

In HvNax4-segregating families, significant differences in

shoot [Na+] values between the heterozygote and homozy-

gote F3 classes were suggestive of the Clipper HvNax4 Na+

exclusion allele being recessive (families 6, 19, 135, 601),

dominant (family 457) or incompletely dominant (family

885). However, in all HvNax4-segregating families except

family 19, the trend was for the heterozygotes to be
intermediate. Overall, these data indicate that the HvNax4

exclusion/accumulation alleles control shoot Na+ accumula-

tion in an incompletely dominant fashion.

In the HvNax4-segregating F3 families, individuals ho-

mozygous for the Clipper or Sahara 3771 HvNax4 allele

accumulated an average of 652 and 761 lmol g�1 DW Na+,

respectively. The difference in shoot Na+ accumulation due

Table 1. Mean shoot [Na+] for Clipper3Sahara 3771 DH lines carrying alternate HvNax4 alleles

Experiment Substrate and [Na+] HvNax4 allele Mean shoot [Na+]
6SEM
(mmol g�1 DW)

Difference in shoot
[Na+] associated
with HvNax4a

1 Calcareous aeolian sand; Clipper 13663 50%***

1.64 mg kg�1 dry soil Sahara 3771 27065

2 P-deficient grey calcareous Clipper 14.960.6 59%***

soil; [Na+] unknown Sahara 3771 36.261.0

3 B-toxic red-brown earth; Clipper 62868 12%***

0.81 g kg�1 dry soil Sahara 3771 71367

4 Aerated hydroponics; Clipper 716640 7% (ns at P¼0.01)

100 mM Sahara 3771 773646

a *** Differences significant at P¼0.001.
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to HvNax4 (14%) is similar to the 12% observed for the

DHs in experiment 3 (Table 1; Jefferies et al., 1999), which
was undertaken in the same box of soil as the F3 analysis,

albeit with a slightly later shoot sampling time (at 5 weeks

instead of 4 weeks).

Genes in the corresponding rice and Brachypodium
intervals

If the chromosome segment in the immediate vicinity of
HvNax4 only underwent a single genomic inversion since

the evolutionary divergence of rice from barley, as

depicted in Fig. 2, then the smallest corresponding rice

HvNax4 interval can be defined as the 211 kb between the

SSY (Os05g45720) and PP2 (Os05g46040) genes. BLAST

searches of the Brachypodium genomic sequence identified

a corresponding interval of 198 kb on Brachypodium

chromosome 2 (6.45 Mb to 16.65 Mb in the Bd2 83

assembly), consistent with the known relationships be-

tween the rice, Triticeae and Brachypodium genomes

(Vogel et al., 2010). Of the 28 predicted genes in the rice

interval, 24 have putative orthologues in the Brachypodium

interval, present in the same order as in rice, while the

Brachypodium interval contains six genes with no ortho-

logue in the rice interval (Table 2). Therefore, rice and
Brachypodium together identify 34 genes with potential to

be located in the SSY–PP2 interval of barley. These genes

include FUS, HvCBL4, ADC, and HTA, which were

mapped in barley and found to co-segregate with HvNax4

(Fig. 3, 4).

8

Os05g45810
Os05g45830

Os05g46040
Os05g46200

Os05g48600

Os05g49030

Os05g45750
Os05g45740

Os05g45720
Os05g45320
Os05g45310
Os05g45280
Os05g45070
Os05g45040
Os05g45030

Os05g44922
Os05g44760
Os05g44210

Os05g43850

Os05g43530

Os05g3628021.355

25.103

26.591

27.642

27.899

BCD304
7SGlob

ABC152

WG184

ABC261=AWBMA4

GT

SSY
UDC
ELP
cMWG733
UPO
FBP
CHR

PP2
ABC257

CSLC1

PSR162

PFP
HEX
TPS

BCD808=BCD265
BCD1930
CDO669b

ABG373

FUS
HvCBL4
ADC
HTA

11.5

4.6

0.8

1.3

4.0

0.7
0.7
0.7

1.4

9.6

4.8

10.1

HvNax4

Barley 1HL distal
genetic

centromeres

Rice 5L distal 
sequence

Mb cM

Fig. 2. Rice–barley comparative map. Lines connect putatively orthologous genes in rice and barley, with colour/shading indicating

chromosomal segments separated by ancestral rice–barley inversion breakpoints. Sequences of markers on the right showed strong

similarity to rice chromosomes other than chromosome 5, except for the wheat genomic RFLP probe WG184, for which there was no

significant match in rice. BCD808¼BCD265 and ABC261¼AWBMA4 represent homologous RFLP probes. Positions on rice

chromosome 5 refer to the sequence NC_008398.1. The bracket on the left indicates the deduced rice HvNax4 interval.
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OsCBL4, corresponding to the HvCBL4 marker, encodes

a calcineurin-B like protein with close similarity to the salt

overly-sensitive 3 (SOS3) gene that contributes to salinity

tolerance and limitation of Na+ uptake in wild-type

Arabidopsis (Liu and Zhu, 1997). In rice, OsCBL4 and two

other CBLs (OsCBL7 and OsCBL8) are the proteins that
are most similar to SOS3 (Fig. 5; Martı́nez-Atienza et al.,

2007). OsCBL4 can complement the sos3-1 mutation in

Arabidopsis (Martı́nez-Atienza et al., 2007) and its product

locates to the plasma membrane (Hwang et al., 2005), which

is also the site of SOS3 function (Ishitani et al., 2000;

Quintero et al., 2002). ZmCBL4, another plasma membrane-

localized CBL from maize (Zhao et al., 2009; Fig. 5) is most

similar to OsCBL4 in rice, and can also complement the
Arabidopsis sos3-1 mutant (Wang et al., 2007).

The product of the PP2 gene most closely matches four

proteins in Arabidopsis including ABI2, which is a negative

regulator of the salinity tolerance mechanism involving

SOS3 (Ohta et al., 2003). However, the barley PP2 marker

was separated from HvNax4 by four recombination events

(Figs 3, 4), making this gene an unlikely candidate for

HvNax4.
At least four other genes from the rice/Brachypodium

HvNax4 intervals have potential roles in salinity tolerance.

Os05g45820 encodes a protein containing a heavy metal-

associated (HMA) domain. Proteins of this class are known

to transport heavy metals such as copper, cadmium, cobalt,

and zinc, although they have not yet been reported to

transport sodium. However, TargetP analysis (http://

www.cbs.dtu.dk/services/TargetP-1.0/) suggested a mito-
chondrial location (score 0.85) for this rice protein. The

Os05g45880 product is most similar to three choline kinases

in Arabidopsis, encoded by At1g74320, At4g09760, and

At1g71697. Salt stress increases the abundance of tran-

scripts from these genes and stimulates choline kinase

activity, which may impact on salinity tolerance by causing

membrane structure remodelling, or by producing lipid

messengers or compatible solutes (Tasseva et al., 2004).
The Os05g45960 product is most similar in Arabidopsis to

the D(1)-pyrroline-5-carboxylate dehydrogenase encoded by

At5g62530. Mutants of At5g62530 are salinity-tolerant and

contain elevated levels of the compatible osmolyte proline

(Borsani et al., 2007). Os05g46020 encodes a WRKY

transcription factor which is transcriptionally up-regulated

by salinity stress (Ramamoorthy et al., 2008). Over-

expression of at least some salt-inducible WRKYs in
Arabidopsis has been shown to result in salinity tolerance

(Jiang and Deyholos, 2009).

Clipper (A) x Sahara (B) F1-derived DH lines
5 26 31 33 43 46 50 53 54 57 60 68 80 82 97 100 102 112 138 143 145

WG184 A A B A B B B B A B A - - - B A A B B A B
ABC152f A A B A B B B - A B A B A B B B A B B A B
PFP A B A A B B A B A B A A A A B B A A B A B
HEX A B A A B B A B A B A A A A B - A A B A B
TPS A B A A B B A B A B A A A A B B A A B A B
PSR162 A B A B B B A B A B A A A A B B A A B A B
CSLC1 A B A B B B A A A B A A B A B B A A B A B
ABC257 A B A B B B A A B A B A B A A B B A B A A
PP2 - B A B B B A A B A B A B A A B B A A A A
FUS A B A B B A A A B A B A B A A B B A A A A
HvCBL4 A B A B B A A A B A B A B A A B B A A A A
ADC A B A B B A A A B A B A B A A B B A A A A
HTA A B A B B A A A B A B A B A A B B A A A A
HvNax4 A B A B B A A A B A B A B A - - B - A A A
SSY A B A B B A A A B A B A B A A B B A A B A
UDC A B A B B A A A B A B A B A A B B A A B A
ELP A B A B B A A A B A B A B A A B B A A B A
cMWG733 A B A B B A A A B A B A B A A B B A A B A
UPO A B A B B A A A B A B A B A A B B A A B A
FBP A B A B B A A A B A B A B A A B B A A B A
CHR A B A B B A A A B A B A B A A B B A A B A
BCD1930 A B A B B A A A B A B A B A A B B A A B A
BCD808a A B A B B A A A B A B A B A A B B A A B A
CDO669b A B A B B A A A B A B A B A A B B A A B A
BCD304 B B A B A A A A B A B A B A A A B A A B A
7SGLOB - B A - A A - A B A - A B A A A B A A B A
GT B B A B A A A A B A B A B B B A B A A B A
ABC261 B B A B - A A A B A B A B B B A B A A B B
AWBMA4 - B A B A A A A B A B A B B B A B A A B B
ABG373 - B A - A A - B B A B A B B B A B A A B B

shoot [Na+] (mmol g-1 A B
Expt. 1 161.9 249.7 137.2 297.6 266.9 151.9 138.7 115.1 239.2 107.0 189.3 129.0 254.8 134.1 - - - - - - 111.4 <175 >220
Expt. 2 17.0 36.3 14.8 42.6 29.8 17.2 15.2 10.9 43.3 11.5 32.4 17.8 20.9 - - - - - - - - <20 >28
Expt. 3 544.8 664.7 680.5 715.2 715.2 814.5 584.3 620.5 670.0 652.0 744.8 638.3 688.4 609.0 637.6 651.7 755.8 674.9 569.5 583.7 570.4 <630 >740

designated ranges
DW)

Fig. 3. Mapping with DH lines. Recombinants for the HvNax4 interval were assigned HvNax4 genotypes, based on the [Na+] ranges for

line carrying Clipper (A) or Sahara 3771 (B) alleles defined by the frequency distributions in Fig. 1. Shading indicates [Na+] values falling

within either of the designated ranges (bottom right). Line 46 likely carries the Clipper allele because it was designated Clipper in two out

of the three experiments and in the experiments that gave the clearest definition (1 and 2).
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The HvCBL4 gene

The HvCBL4 gene was regarded to be the best candidate

for HvNax4 and was investigated further. ESTs covering

the 5# end of HvCBL4 were not available, so the complete

5# end of the transcript sequence was obtained using

RACE. Recovery of the full HvCBL4 genomic sequence

revealed the gene structure (see Supplementary Fig. S2 at
JXB online). Compared with the rice orthologue OsCBL4

(consensus of NM_001062683.1 and CI639696), the 5# UTR

of HvCBL4 is 154 bp longer, and contains an additional

intron. The rice gene also contained an additional intron

in the region corresponding to exon four of HvCBL4,

but otherwise the positions of introns in the two genes

were conserved. Comparison of Clipper and Sahara 3771

HvCBL4 sequences revealed 14 single nucleotide substitu-
tions and three small insertion/deletion differences (see

Supplementary Fig. S2 at JXB online). Four of the former

were located in coding-exon sequence, and only one results

in a difference between the predicted Clipper and Sahara

3771 products (Alanine or Threonine at position 111,

respectively) (Fig. 5).

HvCBL4 protein and structural modelling

In Arabidopsis, SOS1, SOS2, and SOS3 contribute to
salinity tolerance (Liu and Zhu, 1998; Liu et al., 2000; Shi

et al., 2000). The SOS3 protein contains four Ca2+ binding

domains (EF hands) that are thought to enable sensing of

transient Ca2+ signals generated by salt stress (Liu and Zhu,

1998). A physical interaction between SOS3 and the SOS2

serine–threonine protein kinase activates the kinase and

localizes SOS2 to the plasma membrane. At this intracellu-

lar location, the SOS2–SOS3 complex phosphorylates and

activates the plasma membrane SOS1 Na+/H+ antiporter in

a Ca2+-dependent manner, leading to restoration of ion

homeostasis (Halfter et al., 2000; Guo et al., 2001, 2004;

Qiu et al., 2002; Quintero et al., 2002). SOS3 can form

Ca2+-stabilized dimers which may be important for in planta

function (Sánchez-Barrena et al., 2005). Crystal structures

of the SOS3 dimer with Ca2+ and of the SOS2–SOS3

complex have been elucidated (Sánchez-Barrena et al., 2005,

2007), providing the opportunity to construct molecular

models of the barley HvCBL4 protein and explore possible

consequences of the Ala111Thr substitution.

The sequences of the HvCBL4 proteins were subjected to

protein modelling using the SOS3 structure (PDB accession
1V1G; Sánchez-Barrena et al., 2005) as a template. The

shape and distribution of the secondary structure elements

in the modelled barley proteins corresponded closely to

those of SOS3 (Fig. 6A). Overall G-factors (Laskowski

et al., 1993) for 1V1G and the Clipper and Sahara 3771

models were 0.33, 0.10, and 0.08, respectively, while RMSD

(root-mean-square deviation) values in the Ca positions

with respect to 1V1G were 0.21 Å and 0.26 Å, respectively.
The stereochemical quality and overall G-factors showed

that 92–93% of the residues were in positions that were

most favoured, 7–8% were in allowed regions and 0% in

disallowed regions. The z-scores (Sippl, 1993), which reflect

combined statistical potential energy for 1V1G and the

barley Clipper and Sahara 3771 models, were –9.21, –9.18,

and –9.21, respectively. The SOS3 protein structure

F2 recombinant

shoot [Na+] concentration (µmol g   DW) in F3 progeny
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HvCBL4,ADC,HTA
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BCD808=BCD265, BCD1930,
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BCD304
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Fig. 4. Mapping with recombinant DNA833DNA89 F2 plants and their F3 progeny. Markers on the left were scored in the F2

recombinants, which defined the illustrated chromosome types (black¼Clipper derived; white¼Sahara 3771 derived). F3 plants from

each family were grown in soil, scored individually for marker ABC257 (families 6, 19, 457, 578, 796, and 885), BCD304 (families 6, 19,

26, 135, 601, and 1472) or cMWG733 (family 990), and shoot [Na+]. For each F3 family, mean [Na+] for the two homozygous classes

(outer numbers) and heterozygotes (middle number) are presented, together with the family standard error of the means (SEM). Within

each family, means that were not significantly different at P¼0.05 are denoted by the same letters. Inferred HvNax4 position relative to

each recombination point is indicated by an arrow. In control families 6 and 19, individuals found to be recombinant between ABC257

and BCD304 were excluded from the analysis. Analysis of each F3 family was based on 5–16 plants of each homozygote class and 7–24

plants of each heterozygous class.
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Table 2. Gene content of HvNax4 intervals in rice and Brachypodium, as defined by the HvNax4 flanking gene markers SSY and PP2

Barley marker Rice gene Brachypodium gene Annotation/Predicted function

SSY Os05g45720 Bradi2g18810 Starch synthase, putative, expressed (starch synthesis)

Os02g09450 (non-syntenic

copy on rice chromosome 2)

Bradi2g18800 Glycerophosphoryl diester phosphodiesterase family protein,

putative, expressed (energy production and conversion)

Os05g45730 Bradi2g18790 NADH:ubiquinone oxidoreductase, putative, expressed

(energy production and conversion)

HTA Os05g45740 Bradi2g18780 Mitochondrial ATP synthase g subunit family protein, putative,

expressed (proton transport)

ADC Os05g45750 Bradi2g18770 (browser)

Bradi2g18767 (BLAST)

ATP-dependent Clp protease ATP-binding subunit clpX,

putative, expressed (various functions such as chaperones,

proteases, helicases)

Os05g45760 Bradi2g18760 Protein with PPR domain, putative, expressed (protein

interaction domain, various functions)

Os05g45770 Bradi2g18750 Expressed protein (unknown function)

HvCBL4 Os05g45810 (OsCBL4) Bradi2g18740 Calcineurin B-like protein 4, putative, expressed

(signal transduction)

Os05g45820 Bradi2g18735 (BLAST only) Heavy metal-associated (HMA) domain containing protein,

expressed (transporter of heavy metal cations)

FUS Os05g45830 Bradi2g18730 Expressed protein, with homology to CASC3 domain

(mRNA regulation)

Os07g41190

(non-syntenic

copy on rice chromosome 7)

Bradi2g18710 WD40 domain containing protein (protein interaction,

various functions including signal transduction, pre-mRNA

processing, and cytoskeleton assembly)

Os05g45840 No clear homologue GTPase-activating protein, putative, expressed

(intracellular trafficking and secretion)

Os05g45850 Bradi2g18720 (browser)

Bradi2g18717 (BLAST)

Protein with PPR domain, expressed (protein interaction

domain, various functions)

Os05g45860 Bradi2g18700 Glycoside hydrolase family 17 member, putative,

expressed (carbohydrate metabolism)

Os05g45870 and

Os05g45875 (joined by

full-length cDNAs)

No clear homologue F-box family protein, expressed (ubiquitin-mediated

protein degradation)

Os05g45880 Bradi2g18690 Choline kinase, putative, expressed (lipid metabolism)

Os05g45890 Bradi2g18680 (browser)

Bradi2g18677 (BLAST)

tRNA His guanylyltransferase family protein, expressed

(tRNA His maturation, protein translation)

Os05g45900 Bradi2g18670 Inositol polyphosphate 5-phosphatase, expressed

(hydrolyse 5-phosphates from a variety of myo-inositol

phosphate and phosphoinositide phosphate

substrates, signalling)

Os05g45910 Bradi2g18660 Conserved hypothetical protein

Os05g45920 Bradi2g18650 S1 RNA binding domain containing protein, expressed

(protein translation)

Os05g45930 Bradi2g18640 IQ calmodulin-binding motif family protein, putative, expressed

(various functions, regulated by calcium signalling)

Os05g45950 Bradi2g18630 Outer mitochondrial membrane voltage-dependent

anion channel, putative, expressed (metabolite transport)

No clear homologue Bradi2g18620 Hydrophobic protein from soybean (HPS)-like subfamily

protein (unknown function)

No clear homologue Bradi2g18600 Hydrophobic protein from soybean (HPS)-like subfamily

protein (unknown function)

No clear homologue Bradi2g18590 Hypothetical protein (unknown function)

No clear homologue Bradi2g18580 F-box family protein, expressed (ubiquitin-mediated

protein degradation)

Os05g45954 Bradi2g18570 Dual-AP2-domain-containing transcription factor,

expressed (development)

Os05g45960 Bradi2g18550 Delta(1)-pyrroline-5-carboxylate dehydrogenase

(P5CDH), putative, expressed (mitochondrial enzyme

involved in proline degradation)
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therefore served as an excellent template for modelling of

the barley HvCBL4 proteins, and the resulting models can

be regarded as highly reliable.

EF hands of CBLs often vary from a canonical 12 amino

acid residue EF hand structural motif (Lewit-Bentley and

Réty, 2000; Batistič and Kudla, 2009). As in SOS3, the

HvCBL4 proteins contain an insertion of two amino acid

residues between the first and second (X and Y) Ca2+

binding position in the first EF-hand (Fig. 5). Furthermore,

Ca2+ binding carboxylic groups present at the Y position in

the canonical motif are absent from some of the EF hands

(first three EF hands of HvCBL4; Fig. 5). The four EF-hands

Fig. 5. Alignment of barley HvCBL4 proteins from Clipper (c) and Sahara 3771 (s), maize ZmCBL4 (Wang et al., 2007), rice OsCBL4,

OsCBL7, and OsCBL8 (Hwang et al., 2005) and Arabidopsis AtCBL4 (SOS3). Dashes represent gaps introduced into the alignment.

Shading indicates >50% amino acid sequence identity (black) or similarity (grey). EF hand motifs are boxed and calcium binding residues

marked with asterisks (X, Y, Z, –Y, –X, –Z residues, respectively). Residues with predicted N-myristoylation or S-acylation are indicated

by green and red arrows, respectively. The single amino acid residue difference between HvCBL4c and HvCBL4s is marked by the

green triangle.

Table 2. Continued

Barley marker Rice gene Brachypodium gene Annotation/Predicted function

Os05g45980 No clear homologue MAP65/ASE1 family microtubule associated protein

(cell division, cytoskeleton function)

Os05g45990 No clear homologue F-box family protein, expressed (ubiquitin-mediated

protein degradation)

Os05g46000 Bradi2g18540 Ras-related GTPase protein, putative, expressed

(signalling, intracellular trafficking)

Os05g46020 Bradi2g18530 WRKY transcription factor, expressed (various functions)

Os05g46030 Bradi2g18520 Myosin head family protein, expressed (organelle

trafficking, development)

PP2 Os05g46040 Bradi2g18510 Protein phosphatase 2C (PP2C) type serine/threonine

phosphatase, putative, expressed (signalling)
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Fig. 6. 3D structure of SOS3 and molecular models of HvCBL4. (A), Stereoview of ribbon representations of the superposed

Arabidopsis SOS3 structure (green) and the Clipper HvCBL4 model (steel blue), showing the disposition of secondary structure

elements. The four bound Ca2+ ions are shown as yellow spheres. Side chains of Val111 (SOS3) and Ala111 (Clipper HvCBL4) are

shown in sticks and are arrowed. (B), Stereoview of partial ribbon representations of the superimposed Clipper (steel blue) and Sahara

3771 (pink) HvCBL4 models, detailing the region containing the Ala111Thr substitution. It is an enlargement of the boxed section in (A)

and is rotated 45� North with respect to (A). Amino acid residue Thr111 (cpk green colour) in Sahara 3771 forms a hydrogen bond with

Trp163 (dashed line). Side chains of residues surrounding the polymorphic site are included to indicate local environment. The last 12

(C-terminal) residues are omitted. (C), Surface representations of SOS3 (left) and the Clipper HvCBL4 model (right), rotated by about 90�
North and 90� clockwise with respect to (A). Arrows (and grey) highlight residues 110–112 of HvCBL4 containing the polymorphic site,

and the corresponding residues in SOS3. Yellow indicates EF hand domains, cyan and green-cyan indicate the two sections of the

molecule that would move apart to expose a hydrophobic SOS2-binding crevice, magenta indicates the 12 C-terminal residues, and

orange indicates the remainder of the surface. The dimerization surface in each protein is dotted.
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of SOS3 bind Ca2+, despite these variations (Sánchez-Barrena

et al., 2005). Molecular modelling indicated that binding of

Ca2+ ions to all four EF hands of HvCBL4 was mediated by

close interactions with backbone carbonyl groups, or with

acidic, hydroxy, and amino side-chain groups (data not

shown).

SOS3 is N-myristoylated at the Gly2 residue, and this

modification is essential for its salinity tolerance function
and its ability to recruit SOS2 to the plasma membrane

(Ishitani et al., 2000). The MYR Predictor tool (http://

mendel.imp.ac.at/myristate/SUPLpredictor.htm; Maurer-Stroh

et al., 2002) predicted that structural features of residues 2–18

of HvCBL4 were favourable for recognition by myristoyl

CoA:protein N-myristoyltransferase, and it suggested that

Gly2 would be N-myristoylated. For both versions of the

protein, the overall confidence score was 2.262, and the
probability of a false positive prediction was 2.75e�04.

N-myristoylation sites were also predicted at the conserved

Gly2 in the other CBL proteins shown in Fig. 5. Another lipid

modification (S-acylation) occurs at Cys3 of a related Arabi-

dopsis CBL (CBL1) and is required for its plasma membrane

localisation (Batistič et al., 2008). Cysteine occurs at this

position in HvCBL4 and other closely related CBLs (Fig. 5),

suggesting that they may also be S-acylated.
SOS3 and the HvCBL protein models have a two-lobed

architecture comprising two globular domains (each with

two EF-hands), connected by a short linker region of

around six residues (Fig. 6A; Sánchez-Barrena et al., 2005).

In SOS3, opposing sections of each lobe move apart to

expose a hydrophobic cleft which binds SOS2 (Fig. 6C).

The Ala111/Thr111 substitution of HvCBL4 is located on

an a-helix adjacent to the linker, and is not within the
hydrophobic cleft that would be expected to interact with

a SOS2-type protein (Fig. 6A–C). The substitution is also

not within the region corresponding to the homodimeriza-

tion interaction interface of SOS3, located at one end of the

molecule (Fig. 6C). However, Thr111 (but not Ala111) is

predicted to form a hydrogen bond with Trp163 from the

neighbouring a-helix within the C-terminal globular domain

(Fig. 6B), and this bond could influence structural packing
and stability of the barley proteins.

HvCBL4 expression

Hydroponics did not allow expression of HvNax4-controlled
Na+ exclusion differences in experiment 4 (Fig. 7). However,

a supported hydroponics system was used for the transcript

analysis because it could provide clean samples of root tissue

suitable for RNA extraction and it could be used to analyse

constitutive expression levels of the HvCBL4 alleles. BC1F2-

derived lines that were mostly Clipper in their genetic

background were grown under saline (150 mM) conditions

and the expression of Clipper and Sahara 3771 HvCBL4

alleles was measured by quantitative RT-PCR, at 0, 3, or 5 d

after salt addition. No expression difference between the alleles

was detected (Fig. 7). There was also no detectable induction

of HvCBL4 expression by salt treatment. The latter observa-

tion corresponds with reports that SOS3 and OsCBL4 were

non-inducible by NaCl (Quan et al., 2007; Gu et al., 2008),

but contrasts with a finding that ZmCBL4 was induced by
NaCl in maize roots (Wang et al 2007).

Discussion

HvNax4 chromosome location

This current work reports the fine mapping, candidate gene

identification, and phenotypic characterization of the barley

Na+ accumulation locus on the long arm of barley

chromosome 1H that was initially discovered by QTL

mapping in the Clipper3Sahara 3771 cross by Lonergan

et al. (2009). In a barley Harrington3TR306 cross, Mano

and Takeda (1997) detected a QTL for salinity tolerance at
germination, positioned just proximally to the ABC261

marker on 1H, which corresponds closely to the position of

HvNax4 (Fig. 2), although they did not measure Na+

accumulation. In a CM723Gairdner barley cross, Xue et al.

(2009) detected a 1H QTL (qSPP1s) controlling spike

number per plant in saline field soil. Comparisons via

a map with common markers (http://www.triticarte.com.au/)

indicated that the QTL was close to HvNax4 (data not
shown). However, they measured Na+ accumulation and it

did not map to this QTL. In rice, Prasad et al. (2000)

detected QTL in the vicinity of cDNA probes RZ70

(Os05g41550) and RZ225 (Os05g47446) on the long arm of

chromosome 5, for vigour and dry matter accumulation, in

seedlings grown in saline filter paper culture. This corre-

sponds to the HvNax4 interval in rice (Fig. 2), suggesting

that rice may possess a functional orthologue of the HvNax4

gene.

HvNax4 phenotype

Levels of shoot Na+ in plants carrying either allele of

HvNax4 varied by over 20-fold between the four initial

days after salt treatment
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Fig. 7. HvCBL4 transcript analysis. Quantitative RT-PCR was

used to monitor HvCBL4 transcript abundance in roots of BC1F2

derived lines, homozygous for HvNax4 alleles from Clipper (five

lines) or Sahara 3771 (four lines), grown in supported hydroponics

containing 150 mM NaCl. Means 6SEM are shown, with individual

BC1F2 derived lines being treated as replicates for each allele and

time point.
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experiments, increasing through experiments 2, 1, 3, and 4

(Table 1), despite a similar plant age at sampling (3–5

weeks), suggesting that there were differences across the

experiments in salinity stress and/or physiological factors

contributing to net Na+ uptake. Perhaps more interesting

was the fact that HvNax4 effects also varied widely across

experiments, from a 59% in shoot [Na+] in experiment 2 to

no significant effect in hydroponics (experiment 4) (Table 1).
The extent of the genetic effect decreased through experi-

ments 2, 1, 3, and 4, and was therefore negatively correlated

with overall shoot [Na+]. However, in supported hydropon-

ics, HvNax4 still had no detectable impact when NaCl was

reduced to 1 mM in the growth solution and Na+ concen-

trations in plant shoots were only around 39 lmol g�1 DW

(J Rivandi, unpublished data). These observations indicate

that there was some characteristic of these hydroponics
experiments other than external [Na+] that prevented geno-

typic discrimination. Further work is therefore needed to

identify the environmental factor(s) necessary to manifest the

HvNax4 Na+ exclusion phenotype.

HvNax4 had no measurable effect on plant biomass

where this was tested (experiments 1, 2, and 3), even at the

highest of Na+ accumulation levels, which was encountered

in experiment 3 (628 and 713 lmol g�1 DW for plants with
the Clipper and Sahara 3771 HvNax4 allele, respectively).

James et al. (2006a) reported that patches of Na+-induced

leaf cell death in barley occurred with overall leaf Na+

content in the range of 1,100–1,900 lmol g�1 DW.

However, they observed no overall correlation between

symptoms and leaf [Na+] between barley genotypes, which

was proposed to be due to variation in mechanisms that

enable leaf tissue to tolerate high levels of accumulated
Na+. Such mechanisms appeared to involve the abililty of

tolerant barley genotypes to maintain high cytoplasmic [K+]

when [Na+] was also high (James et al., 2006a). Therefore,

a failure to observe a growth effect of HvNax4 in the

current study may have been due to a high level of tissue

tolerance in the Clipper and Sahara 3771 parents, insuffi-

cient accumulation levels, or other factors such as exposure

to stress for an insufficient duration. Added to the
environmental sensitivity of expression of the HvNax4-

controlled Na+ exclusion trait, these considerations empha-

size the need for grain yield testing in the field to gauge the

potential agronomic value of the HvNax4. Accordingly, the

BC1F2 derived lines carrying Clipper or Sahara 3771

HvNax4 alleles are currently being trialled at saline field

sites. Should HvNax4 prove to offer a yield advantage, the

PCR markers generated in this study could be deployed by
barley breeders for improving varieties.

A common feature of Na+ exclusion loci is the inverse

effect they have on Na+ and K+ accumulation, for example,

at wheat loci Nax1, Nax2, and Kna1 (Ren et al., 2005;

James et al., 2006b; Dubcovsky et al., 1996), rice SKC1, and

Arabidopsis SOS2 and SOS3 (Liu and Zhu, 1997; Zhu

et al., 1998; Yang et al., 2009). These K+ effects appear to

be an indirect result of altered Na+ status in the tissues, as
the cereal loci encode members of the HKT family of Na+

transporters or Na+/K+ symporters (Horie et al., 2001;

Mäser et al., 2002; Garciadeblás et al., 2003), while SOS2

and SOS3 directly regulate the activity of the SOS1 Na+/H+

antiporter (Quintero et al., 2002). By contrast, K+ content

was not significantly altered by HvNax3 (Shavrukov et al.,

2010) or HvNax4, suggesting that transport functions

controlled by these barley genes may differ somehow (for

example, site of action) from those of the aforementioned

loci, in such a way as to avoid triggering changes in K+

transport.

The HvCBL4 candidate gene

Proteins in rice or maize corresponding most closely to
Arabidopsis SOS1, SOS2, and SOS3 (OsSOS1, OsCIPK24,

and OsCBL4/ZmCBL4) can substitute for the salinity

tolerance functions of the respective Arabidopsis proteins,

either in Arabidopsis or yeast, suggesting that cereals

contain SOS-like machinery with potential to contribute to

salinity tolerance (Martı́nez-Atienza et al., 2007; Wang

et al., 2007). Consistent with this proposal, HvCBL4, the

positional orthologue of OsCBL4 (Fig. 2; Table 2), formed
3D molecular models which were very similar overall to the

known SOS3 crystal structure (Sánchez-Barrena et al.,

2005). Furthermore, it was suggested that HvCBL4 has

EF-hand motifs capable of binding Ca2+, and that Cys2

would be N-myristoylated, which are features required for

SOS3 functionality.

The Ala111Thr substitution between the Clipper and

Sahara 3771 HvCBL4 proteins is located outside of regions
expected to participate directly in homodimerization, Ca2+

binding, N-myristoylation, S-acylation, or binding to

a SOS2 homologue protein. The amino acid residue at this

position is also not well conserved among other CBLs

(Fig. 5), and there are rice CBLs that have either Ala or Thr

at this position, namely OsCBL5 and OsCBL4, respectively

(Hwang et al., 2005). Nonetheless, the substitution is a non-

conservative one, in that Ala is hydrophobic and Thr polar.
Furthermore, Thr111 (but not Ala111) could potentially

form a hydrogen bond with Trp163 from an adjacent

a-helix (Fig. 6B). Conceivably, local change in electrostatic

and dipole characteristics of the protein (data not shown) or

alterations to the stability or dynamics of the entire

a-helical bundle structure caused by the substitution could

impact on functional characteristics of the protein, such as

affinity for Ca2+ or a SOS2 counterpart. These possibilities
could be tested using in vitro and in vivo approaches

previously applied to investigate aspects of SOS3 function

(Halfter et al., 2000; Ishitani et al., 2000; Qiu et al., 2002;

Quintero et al., 2002; Guo et al., 2004; Sánchez-Barrena

et al., 2005).

No difference in the constitutive mRNA expression levels

of the Clipper and Sahara 3771 HvCBL4 alleles was

detected in supported hydroponics (Fig. 7). However, in
experiment 4 undertaken in hydroponics, HvNax4 did not

exert a significant genotypic effect on Na+ accumulation.

Therefore, it is possible that conditions that manifest

HvNax4 effects on Na+ may also be required for differential

expression of HvNax4 alleles, if such an mRNA expression
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difference is the basis for the phenotypic variation at this

locus.

While HvCBL4 co-segregated with the HvNax4 locus and

is similar to the SOS3 salinity tolerance gene, decisive proof

that HvCBL4 is the HvNax4 gene is currently lacking. HKT

genes mapping to the wheat Nax1 and Nax2 Na+ exclusion

loci are regarded as strong candidates for the controlling

genes, because the respective HKT genes were found to have
no expression, or no genomic copy at all, in susceptible

genotypes (Huang et al., 2006; Byrt et al., 2007). By

contrast, natural variation in HKT genes residing at the rice

SKC1 locus and at a Na+ accumulation locus in Arabidopsis

appears to be more subtle, being based on a quantitative

difference in activity of the encoded transporter, or

a quantitative difference in mRNA expression level, re-

spectively (Ren et al., 2005; Rus et al., 2006). Further work
is required to identify whether there are subtle differences

between the activities of the Clipper and Sahara 3771

HvCBL4 alleles, or to reveal an alternative gene that could

be a stronger candidate for HvNax4.

Supplementary data

Supplementary data can be found at JXB online.

Supplementary Fig. S1. Multiplex marker.

Supplementary Fig. S2. Sequence of Clipper and Sahara

3771 HvCBL4 genes.

Supplementary Table S1. PCR markers.

Supplementary Table S2. Primers used in HvCBL4 gene

sequencing and Q-PCR.

Acknowledgements

We are grateful to Paul Lonergan, Yuangwan Zhu, Michael

Quinn, Stephen Jefferies, Peter Langridge, Andrew Barr,

Robin Graham, Susan Barker, Sally Smith, Stewart Coven-

try, and Jason Eglinton for generous access to unpublished

ICPAES data, and to Yuri Shavrukov, Alison Hay, and

Neil Shirley for technical assistance. This work was

supported by the ARC, GRDC, and the South Australian
Government.

References
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