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Summary

Under salinity, Vitis spp. rootstocks can mediate salt (NaCl) exclusion from
grafted Vitis vinifera scions enabling higher grapevine yields and production
of superior wines with lower salt content. Until now, the genetic and
mechanistic elements controlling sodium (Na*) exclusion in grapevine were
unknown.

Using a cross between two Vitis interspecific hybrid rootstocks we mapped a
dominant quantitative trait loci (QTL) associated with leaf Na* exclusion (NaE)
under salinity stress. The NaE locus encodes six high affinity potassium
transporters (HKT). Transcript profiling and functional characterisation in
heterologous systems identified VisHKT1;1 as the best candidate gene for
controlling leaf Na* exclusion.

We characterised four proteins encoded by unique VisHKT1;1 alleles from the
parents, and revealed that the dominant HKT variants exhibit greater Na*
conductance with less rectification than the recessive variants. Mutagenesis
of VisHKT1;1, and TaHKT1.5-D from bread wheat, demonstrated that charged
amino acid residues in the eighth predicted transmembrane domain of HKT
proteins reduces inward Na* conductance, and causes inward rectification of
Na® transport.

The origin of the recessive VisHKT1;1 alleles was traced to V. champinii and V.
rupestris. We propose the genetic and functional data presented here will

assist with breeding Na*-tolerant grapevine rootstocks.

Keywords

hybrids, K51-40, North American rootstocks, 140 Ruggeri, site directed mutagenesis,

salinity; yeast; Xenopus laevis oocytes.
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Introduction

Saline soils and irrigation water reduce growth and productivity of crop species
worldwide, which has negative economic, environmental, and social impacts
(Pannell, 2001; Munns & Gilliham, 2015). Grapevine (Vitis vinifera L.) is moderately
sensitive to irrigation water and soil salinity (Maas & Hoffman, 1977), suffering
decreased growth and yield (Prior et al., 1992; Walker et al., 2002; Stevens et al.,
2011). In addition, fruit and wine quality can be reduced due to the accumulation of
sodium (Na*) and chloride (CI) ions in berries (Li et al., 2013). Unfavourable salty and
soapy attributes in wine are associated with excessive wine Na® and CI
concentrations (Walker et al., 2003; de Loryn et al., 2014), while high salt
concentrations in grape juice reduce fermentation efficiency by decreasing the
viability of wine yeasts, and result in undesirable increases in acetic acid content of
wine (Donkin et al., 2010). Some countries impose legal limits for Na* and CI
concentrations permissible in wines (Leske et al., 1997; de Loryn et al., 2014). The
Organisation Internationale de la Vigne et du Vin (OIV) recommends a maximum free
Na® concentration of 60 mg/L in wine (Stockley & Lloyd-Davies, 2001). Wineries often
reject fruit with Na® levels above this level. Growers may attempt to negate salinity
in vineyards by flushing salts from soils with large volumes of irrigation water.
However, this practice is not economically viable or practical in regions with limited
quality water — a problem expected to worsen with climate change (Elliott et al.,
2014). A more cost effective and efficient approach to limit the effects of salinity on
grapevines is by grafting onto rootstocks that can restrict root-to-shoot transport of
Na® and CI, a trait referred to as shoot ion exclusion. As wineries use Na®
concentrations in berries and grape juice as a basis for rejection, finding a genetic
solution for shoot Na* accumulation in grapevine would be advantageous to the

wine industry so it can maintain quality wine production in salt-affected regions.

Grapevine rootstocks derived from wild North American Vitis species were first used
in viticulture in the late 19" Century to provide resistance to the soil-born parasite
phylloxera, which destroyed vineyards throughout Europe, an episode called the
Great French Wine Blight (Stevenson, 1980). An estimated 80% of vines in vineyards

worldwide are now grafted onto interspecific rootstocks (Ollat et al., 2016).
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Rootstocks are selected for beneficial traits including phylloxera resistance (Benheim
et al., 2012), nematode resistance (Ferris et al., 2012), controlled vigour and yield
(Walker et al., 2002), drought resistance (Serra et al.,, 2014) and ion exclusion
(Tregeagle et al., 2010). Rootstock breeding programs can utilize marker assisted
selection to hasten the pyramiding of key rootstock traits into new elite genotypes
(Ollat et al., 2016), yet little is currently known about the genetic mechanisms

controlling ion exclusion in grapevines.

Most grapevine studies have concentrated on CI toxicity (Ehlig, 1960; Downton,
1977a; Walker et al., 2004) and the mechanistic basis of CI" exclusion from shoots
(Gong et al., 2011; Henderson et al., 2014; Fort et al., 2015; Henderson et al., 2015).
In other crops, shoot Na* exclusion is more widely studied and it is acknowledged
that the major component of both Na* and CI” exclusion from plant shoots occurs via
root based mechanisms (Munns & Gilliham, 2015; Li et al., 2017). As a result Na*
exclusion from leaves correlates well with exclusion from berries (Figure S1; Walker
et al., (2004)), and can be used as a proxy measure of whole shoot Na* exclusion per

se.

QTLs for shoot Na* exclusion in bread wheat (Knal), durum wheat (Nax1 and Nax2),
rice (SKC1) and tomato are underpinned by genes encoding high affinity potassium
(K*) transporter (HKT) proteins (Ren et al., 2005; Byrt et al., 2007; James et al., 2011;
Asins et al., 2013). HKT proteins belong to the Ktr/TrK/HKT family of monovalent
cation transporters present in plants, bacteria and fungi, but not in animals
(Corratgé-Faillie et al., 2010). Proteins from the HKT1 subgroup selectively transport
Na® over other cations (Maser et al., 2002; Horie et al., 2009; Waters et al., 2013),
and confer Na® exclusion from shoots through retrieval of Na* from root xylem
vessels into surrounding xylem parenchyma cells (Sunarpi et al., 2005; Davenport et
al., 2007; Mgller et al., 2009; Byrt et al., 2014). Emerging evidence indicates that
molecular mechanisms of HKT1-mediated salinity tolerance between plants may
depend upon not only expression differences but in some cases subtle differences in
functional properties, which may be attributed to single amino acid substitutions
and possible allelic variations (Ren et al., 2005; Rus et al., 2006; Baxter et al., 2010;

Cotsaftis et al., 2012; Ali et al., 2016; Tounsi et al., 2016). The benefits of identifying
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natural variants of HKT has been demonstrated with HKT1.5 from salt-tolerant wheat
Triticum monococcum which, when introgressed into salt-sensitive Triticum durum,

increased grain yield on saline soil by 25% in the field (Munns et al., 2012).

Here, we examine the genetic basis of Na® exclusion in grapevine. We take
advantage of a family of heterozygous hybrid vines derived from a cross between
two interspecific rootstock hybrids K51-40 (V. champinii x V. riparia) and 140 Ruggeri
(V. berlandieri syn. V. cinerea var. Helleri x V. rupestris) that was previously shown to
exhibit variation in leaf Na* by 30-fold (Gong et al., 2014). We identified a QTL,
named NaE for Na* exclusion, containing six closely located HKT1 genes, of which
one was expressed in roots and encoded a functional Na* transporter. Differences in
HKT1,1 alleles from the parent rootstocks were identified and used to investigate the
importance of key amino acid residues contributing to differences in Na* transport
properties and variation in shoot Na® exclusion in the hybrid progeny. The identified
SNPs are being utilized by breeding programs for generating Na*-excluding rootstock

germplasm via marker assisted selection.
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Materials and Methods
Grapevine material and Na* screens

A family of 40 hybrid rootstocks from a cross between K51-40 (V. champinii x V.
riparia) and 140 Ruggeri (V. berlandieri x V. rupestris) (Gong et al., 2011), together
with both parents, were screened for leaf Na® exclusion ability in The Plant
Accelerator Phenomics Facility, Adelaide, Australia in December 2013. Dormant
cuttings were callused for two weeks at 28 °C (Yalumba Nursery, Nuriootpa,
Australia) and transferred to a 50:50 sand:perlite mix under regular misting for four
weeks to initiate root development. Rooted cuttings were transplanted into 1.8 kg of
potting mix (6 mm Premium Mix Van Schaik’s, BIOGRO, Mt Gambier, Australia) in 2.5
L pots, established for four weeks, then loaded onto The Plant Accelerator’s
conveyor belt. Prior to loading, vines were trimmed to a single shoot and axillary
growth was continually removed. Each genotype consisted of three replicate vines,
in three randomised blocks. Salt applications, consisting of 10:6:1:1 ratio of CI
:Na*:Mg**:Ca®* were applied to pots in containers (to avoid run through) on days 1, 3
and 7, equating to soil Na' concentrations ramping from 21 to 42 to a final
concentration of 60 mM. On all other days, the pots were automatically weighed and
watered to a target weight to replace water lost through evapotranspiration,
ensuring all pots maintained equivalent salt concentrations at full water capacity. On
day 13, laminae of fully matured leaves of each vine were harvested and dried at 65
°C for 2 days. For determining Na* content, powdered sample (100 mg) was digested
in 2 ml concentrated HNO3 at 95 °C, diluted to 12 mL with deionised water, and
analysed by CSIRO Analytical Services Unit (Adelaide) using inductively coupled

plasma optical emission spectrophotometry (ThermoFisher, Cambridge, UK).

In a subsequent experiment in 2014, five selected hybrid progeny, the parents,
accessions of the grandparent species, V. champinii ‘Dogridge’, V. riparia ‘Gloire’, V.
berlandieri ‘R1xMazade’ and V. rupestris ‘du Lot’, and 10 common V. vinifera
cultivars, were screened to compare Na®* exclusion abilities. Establishment of cutting
material and experimental conditions were similar to the first hybrid Na* screen,

except final salt application occurred on day 8, and leaves were harvested on day 19.
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Linkage mapping and QTL analysis

Genome wide single nucleotide polymorphism (SNP) data was generated by Diversity
Arrays Technology Pty Ltd (Canberra, Australia) using DArTSeq'™ genotype by
sequencing (GBS). This uses Pstl/Tagl restriction digestion of genomic DNA followed
by Pstl-specific adapter targeted short-read sequencing using HiSeq2500 (lllumina,
USA). The DArTSeq methods were performed as described in Courtois et al., (2013),
except sequence reads were aligned to the grapevine reference genome (Jaillon et
al., 2007). SNP markers aligned to the genome and those with call rates of 1 were
used to construct a consensus linkage map, in JoinMap® Version 4.1 software using
maximum likelihood mapping (Van Ooijen, 2006). A consensus framework of linkage
groups was obtained using a logarithm of odds (LOD) likelihood score between 3.0-
5.0, and the Haldane mapping function to calculate the genetic distance between
markers. Chromosome assignment of linkage groups was determined from the
alignment of DArTSeq SNP reads to the grapevine reference genome (Jaillon et al.,
2007). QTLs for sodium exclusion were investigated using interval mapping analysis
performed in MapQTL® Version 6 (Van Ooijen & Kyazma, 2009). The permutation
test was used to estimate the genome wide empirical threshold for QTL detection
based on LOD values of P<0.01. Interval mapping resulted in a single significant QTL.
To identify potential small modifying QTLs, multiple QTL mapping (MQM) analysis
was undertaken with the strongest marker from this QTL used as a cofactor. No

other significant QTLs were detected.

Sequencing and cloning

WiHKT1;1 and WiHKT1;3 coding sequences were PCR amplified from V. vinifera (cv
Cabernet Sauvignon) root cDNA using Phusion Polymerase (ThermoFisher Scientific)
and primers designed to these gene sequences (Table S1). Purified fragments were
ligated to pCR8/GW/TOPO. To identify polymorphisms in each genotype, the
VisHKT1;1 gene was PCR amplified from K51-40 and 140 Ruggeri genomic DNA, and

sequenced (accession numbers in Table S2). Using polymorphisms as a reference,
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coding sequences of VisHKT1;1 allelic variants were PCR amplified from root cDNA of
parent rootstocks using PfuUltra Il Fusion HS DNA Polymerase (Agilent), and ligated
to pENTR/D-TOPO. VisHKTl;l—EK and VisHKTl,'l—eK were isolated from K51-40, and
VisHKT1;1-E® and VisHKT1;1-e® from 140 Ruggeri. Cleavage amplified polymorphic
sequence (CAPS) markers designed to score the inheritance of each allele are given

in Table S3.

WiHKT1,;1 sequences from V. champinii, V. riparia, V. berlandieri, V. rupestris and V.
vinifera cultivars, Grenache, Merlot, Pinot noir, Shiraz, Chardonnay, Pinot gris,
Riesling, Sauvignon blanc and Semillon were obtained by sequencing PCR products

amplified from genomic DNA.

Subcellular localisation

V. vinifera (cv. Cabernet Sauvignon) WiHKT1;1 without a stop codon was
recombined with pMDC83 (Curtis & Grossniklaus, 2003) using LR Clonase Il (Life
Technologies) to generate 2x35S:WiHKT1;1-GFP. Plasmid ER-rk containing HDEL-
mCherry (Nelson et al., 2007) was used for co-localisation. Plasmid pUBN-GFP-DEST
(Grefen et al., 2010) was used to express cytosolic GFP. Plasmid pEAQ-HT-DEST
harbouring p19 gene silencing suppressor was used to maximise expression
(Sainsbury et al., 2009). Vectors were incorporated into Agrobacterium tumefaciens
(Agl-1) via freeze thawing. Overnight cultures of A. tumefaciens harbouring pMDC83-
VViHKT1;1, ER-rk, pUBN-GFP-DEST or pEAQ-HT-DEST were resuspended in 10 mM
MgCl,, 150 uM acetosyringone and 10 mM MES pH 5.6. Cultures were combined as
follows with final ODggg shown in brackets: pMDC83-VviHKT1;1 (0.5) and pEAQ-HT-
DEST (0.2); pMDC83-VviHKT1;1 (0.5), ER-rk (0.2) and pEAQ-HT-DEST (0.2); pUBN-
GFP-DEST (0.5) and pEAQ-HT-DEST (0.2). Bacterial suspensions were infiltrated into
the abaxial side of fully expanded leaves of 5-week-old Nicotiana benthamiana with
a 1 ml syringe. Leaf sections were imaged after two days using a Nikon A1R confocal
laser scanning microscope with 63x water objective lens and NIS-Elements C
software (Nikon Corporation, Tokyo, Japan). FM4-64 (Sigma) was used to infiltrate

tobacco leaves and imaged after 10 minutes at room temperature. Under these
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conditions, the plasma membrane (not endomembrane) is predominantly stained.
Excitation/emission conditions were GFP (488 nm/ 500 — 550 nm), FM4-64 and
mCherry (561 nm/ 570 — 620 nm).

Site directed mutagenesis

Site directed mutants of VisHKT1;1 allelic variants were generated in yeast and X.
laevis expression vectors. Mutagenesis was performed by inverse PCR of expression
vectors using primers (see Table S1) with 15 bp overlaps at their 5’ ends, and
mutations incorporated within. Reactions contained 0.2 ng plasmid, 500 nM forward
and reverse primers and 0.25 units Phusion Polymerase (ThermoFisher Scientific) in
25 uL. Reactions were treated with Cloning Enhancer (Clontech Laboratories Inc),

and re-circularised using In-Fusion HD (Clontech Laboratories Inc).

Oocyte expression assays

cDNAs encoding VisHKT1;1 variants were recombined into the Xenopus laevis
expression vector pGEMHE-DEST, using LR Clonase |l (Life Technologies). Plasmids
were linearised with Nhel or Sbfl (New England Biolabs). Capped RNA (cRNA) was
synthesised in vitro with mMessage mMachine T7 kit (Ambion) using linear plasmids
as templates. cRNA was purified by phenol/chloroform extraction followed by
ethanol precipitation and elution in water. Stage V and VI oocytes were injected with
42 nL cRNA (21 ng), or sterile water. Injected oocytes were incubated in calcium
Ringers solution (96 mM NaCl, 2 mM KCI, 5 mM MgCl, 0.6 mM CaCl,, 5 mM Hepes,
5% (v/v) horse serum, 500 pg.mL™ tetracycline and 1 x penicillin-streptomycin (Sigma

P4333)). Electrophysiology was performed 1 day after injection.

Electrophysiology

Whole-cell currents were recorded using two-electrode voltage clamping (TEVC) on a
Roboocyte with integrated ClampAmp amplifier (Multichannel Systems). Electrodes
were filled with 3 M KCI. Oocytes were perfused with solutions containing 1.8 mM
CaCl,, 6 mM MgCl,, 10 mM MES, variable Na*-gluconate, pH 5.5 (adjusted with Tris)

and osmolality of 230 mOsm.kg” (adjusted with D-mannitol). From a holding
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potential of -40 mV, oocytes were clamped stepwise from +60 mV to -140 mV in 20
mV decrements for 550 ms. Currents mediated by grapevine or wheat HKT1;1 were
determined by subtracting mean currents of water injected controls from the same

batch of oocytes in the same solutions.

Yeast assays

VisHKT1;1 variants, and VviHKT1;3 (Cabernet Sauvignon) were recombined into
pYES-DEST52 using LR Clonase Il (Life Technologies). Saccharomyces cerevisiae strain
INVSc2 (MATa, his3A-1, ura3-52) was transformed with plasmids using the lithium
acetate procedure. Transformants were selected on yeast nitrogen base (YNB)
(Difco) without uracil, with 2% (w/v) p-glucose. For Na* toxicity assays, yeast was
grown overnight in YNB without phosphates or NaCl (MP Biomedicals),
supplemented with 1 g.L’1 KH,PO,, 95 mg.L’1 L-histidine-HCI, and 2% (w/v) p-glucose.
Yeast was diluted to an ODggg of 1.0 in sterile water. 10-fold serial dilutions were
prepared in sterile water, and 5 pL spotted onto plates containing YNB without
phosphates and without NaCl (MP Biomedicals), supplemented with 1 g.L™* KH,PO,,
95 mg.L™ L -histidine-HCl, 1.5% (w/v) D-raffinose, 0.001 — 0.005% (w/v) p-galactose
for induction and 0.25% phytagel (Sigma). The basal Na® concentration was
approximately 500 uM from phytagel. For Na® toxicity screening, growth was
monitored on media containing 50 mM NaCl. Control plates to demonstrate equal

dilutions contained 2% (w/v) b-glucose. Plates were incubated at 28 °C for 3 days.

Quantitative real time PCR (qPCR)

RNA from root stele and root epidermis/cortex enriched tissue was prepared from
grapevine rooted leaves as described previously (Henderson et al., 2014). cDNA was
synthesised from 0.5 pg total RNA using Superscript Il (Life Technologies) following
manufacturers procedures. gPCR was performed on a QuantStudio 12K Flex Real-
Time PCR machine (Thermo Fisher Scientific). 10 uL gPCR reactions contained 250
nM forward and reverse primer, 1x KAPA SYBR FAST gPCR Master Mix (KAPA
Biosystems), and 1 puL cDNA (diluted 1:4). Triplicate reactions were performed using
40 cycles of the following: 95 °C 1 sec, 55 °C 15 sec, 72 °C 5 sec. Melt curve analysis
was performed to ensure a single band was amplified. Relative expression levels
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were calculated using primer pair efficiencies (E) and normalised to VElongation-

factor-1-a using the formula (Epr1a ™"/ Erio ).

VisHKT1;1 allele-specific qPCR reactions were performed using forward and reverse
primers (Table S1) containing allele-specific SNPs in their 3" terminal base. Specificity
was achieved by performing reactions as described above, except annealing at 63 °C.
Allele copy number were estimated by interpolation from standard curves made
from serial dilutions of linearised pGEM-HE plasmids quantified by UV-
spectrophotometry. Data were normalised to cDNA volume. The sum of two allele
copy numbers was compared to total copies of VisHKT1;1 transcript using non-

specific primers in the same samples.

Statistical analysis
Data were analysing GraphPad Prism version 7.00 for Windows (GraphPad). All data
are presented as mean +SEM. Means were compared using the different statistical

tests described in the figure legends.
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Results

Mapping a major QTL for Na* exclusion in a hybrid grapevine population

We aimed to detect QTL for leaf Na* exclusion in a population of hybrid rootstocks derived
from a cross between K51-40 and 140 Ruggeri (Gong et al., 2014). Forty hybrids were
exposed to a mixed cation treatment for 13 days, and the lower leaves (lamina only) were
harvested for analysis of Na* accumulation. A >40-fold difference in Na" accumulation was
seen within the hybrid progeny with the lowest, 0.005% dry weight, and the highest, 0.213%
dry weight, while two parents K51-40 and 140 Ruggeri had similar leaf Na* concentrations of
0.016 and 0.015% dry weight, respectively (Figure 1A). The transgressive variation seen in
this near-Mendelian trait indicated it was probably heterozygous in each parent. A broad
sense heritability score of 0.91 was estimated for Na* exclusion in this population suggesting

a high degree of genetic control.

GBS was performed on the 40 hybrids and parents. Resulting SNP data was used to
construct a consensus linkage map consisting of 514 SNP markers distributed over 19
linkage groups, at a mean interval of 5.3 cM (Figure S2). A single major QTL explaining up to
72% of the genetic variation in Na* exclusion was identified on chromosome 11, spanning a
42 cM region of approximately 14 Mb (Figure 1B). We named this locus NaE, for Na*
exclusion. SNP markers underlying the peak of the NaE QTL were used to group the 40
hybrids based on their inheritance of this locus, and confirmed that the associated alleles
were likely to be heterozygous in both parents (Figure 1A). This analysis revealed that the
Na® exclusion trait is dominant over Na* accumulation, as hybrids with low Na* accumulation
were generally associated with the inheritance of one or more dominant loci, designated as
NaE*and NaE” for excluder locus derived from K51-40 and 140 Ruggeri. In contrast, high Na*
accumulation was generally associated with the inheritance of two recessive loci,

designated Nae® and Nae” (Figure 1A).

Based on the grapevine reference genome (Jaillon et al., 2007), the NaE locus contains 583
genes (Table S4). Six HKT1 genes were clustered within a 320 Kb region located close to the
peak LOD score of the NaE locus (Figure 1B & C) and knowledge of Na* exclusion from other

plant species suggested that members of the HKT1 family were strong candidate genes.
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Phylogenetic analysis of these grapevine HKT1s against HKTs from other plant species has
been reported previously (Ali et al., 2012). This showed that, of the well characterised HKTs,
all grapevine HKT1s are most similar to rice OsHKT1;1. The grapevine HKT1s fall into two
sub-clades, whereby VViHKT1;1, VViHKT1;2 and VViHKT1;3 share a degree of homology (53
to 63% identity) and VviHKT1;6. VviHKT1;7 and VviHKT1;8 share higher sequence similarity
(85 to 97% identity) (Figure S3).

HKT1;1 is expressed in the root stele and encodes a Na' selective plasma membrane
transporter

In wheat and Arabidopsis, HKT proteins in roots regulate Na* accumulation in shoots by
controlling Na* retrieval from root xylem vessels (Davenport et al., 2007; Munns et al., 2012;
Byrt et al., 2014). We therefore mined genome-wide expression data to determine which
grapevine HKT1 transcripts were expressed in roots. Only two HKT1 transcripts, WiHKT1;1
and WiHKT1;3 were highly abundant in whole roots of V. vinifera, and both transcripts were
present at similar levels (Figure 2A). To identify whether WiHKT1;1 and WiHKT1;3 encoded
Na® transport proteins, full length cDNAs corresponding to each protein were isolated and
expressed in X. laevis oocytes. When oocytes were clamped at negative membrane
potentials, VViHKT1;1 mediated large inward currents (2 pA at -140 mV) in the presence of
30 mM Na* (Figure 2B) whereas VviHKT1;3 did not increase currents above the level of the
water control (Figure 2B). Furthermore, functional characterisation in yeast indicated
WiHKT1.3 did not function as a Na* transporter as its expression did not lead to inhibition of
yeast growth on plates containing 50 mM Na® unlike AtHKT1 (Figure S4). These findings
implicate HKT1;1 as a gene important for Na* exclusion in grapevine, while the function of

HKT1;3 remains unknown.

Quantitative PCR of root epidermal/cortical and stelar fractions of K51-40 and 140 Ruggeri
showed HKT1;1 transcripts were more abundant in the root stele of both genotypes (Figure
2C). Expression of WiHKT1;1 with a C-terminal GFP tag in tobacco epidermis showed a
strong signal that co-localised with the lipohilic dye FM4-64 at the plasma membrane, but
did not co-localise with free cytoplasmic GFP, or the endoplasmic reticulum (ER) marker
HDEL-mCherry (Figure 2D & E). These findings confirm that VViHKT1;1 protein is likely to be
localised on the plasma membrane of grapevine root stelar cells.
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Four unique HKT1;1 alleles from K51-40 and 140 Ruggeri display different functional
properties

HKT1;1 coding sequences were isolated from the two parents of the mapping population,
K51-40 and 140 Ruggeri, and given the prefix Vis for Vitis interspecific. Four unique
VisHKT1.1 alleles were identified, two from each parent (Figure 3A & S5). CAPS markers
designed to the VisHKT1;1 alleles were used to score hybrids for their allelic inheritance.
Resulting marker scores were identical to that of SNPs mapped nearby (Figure 1A); hence
we named the VisHKT1.1 alleles as per the associated NaE locus (VisHKTl,'l-EK and
VisHKT1;1-e* from K51-40; VisHKT1;1-EX and VisHKT1;1-e® from 140 Ruggeri). Eighteen
amino acid differences were observed between encoded proteins of the four alleles (Figure
3A and Figure S5). Six polymorphic residues, at positions 106, 129, 163, 391, 534 and 537,
were conserved between the two VisHKT1;1-E allelic variants and also between the two

VisHKT1;1-e variants (Figure 3A).

To assess whether allele-specific expression contributes to the variation in Na* exclusion in
the hybrid population, absolute transcript abundance of these four alleles in root fractions
was quantified in the parents using allele-specific primers. Expression of HKT1;1 alleles in
root epidermal/cortical and stelar fractions, assayed by qPCR, showed VisHKT1;1-E alleles to
be approximately 2-fold more abundant than VisHKT1,1-e alleles (Figure 3B). There were no
differences in expression of VisHKTl;l-EK and VisHKT1;1-EX or between VisHKTl;l-eK and
VisHKT1;1-e® alleles (Figure 3A). The sum of VisHKT1;1-E and VisHKT1;1-e transcript copy
number was equivalent to total VisHKT1;1 copy number using non-allele-specific HKT1;1
primers in each sample, demonstrating that the PCR primers were highly allele-specific

(Figure 3B).

For functional analysis, the VisHKT1;1 alleles were first expressed in yeast. On control plates
containing glucose, which represses gene expression, all strains grew at the same rate
demonstrating equal dilution (Figure 3C). When VisHKT1;1 allelic variants were expressed by
substituting glucose with raffinose and galactose (which induces gene expression), all strains
grew at a similar rate on low (0.5 mM) Na® (Figure 3C). Conversely, growth of yeast
expressing VisHKT1;1 allelic variants on induction medium was strongly inhibited by 50 mM
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Na®, while growth of yeast containing an empty vector was not inhibited (Figure 3C). This
suggests that each grapevine VisHKT1;1 allelic variant transports Na* in yeast. Na'-induced
growth-inhibition was greater in yeast strains expressing VisHKT1,1-E variants compared to
VisHKT1;1-e variants from both parents (Figure 3C), implying that VisHKT1;1-E proteins have

higher Na* transport activity than VisHKT1;1-e proteins.

To confirm these differences, we performed TEVC of X. laevis oocytes injected with different
VisHKT1;1 allelic variants. When perfused with 30 mM external Na* ([Na*]ex), VisHKT1;1-E
variants mediated Na® transport in both directions across the oocyte membrane (Figure 3D).
Conversely, both VisHKT1;1-e variants displayed inward rectification — characterised by
inward currents at negative voltages but restricted outward currents at positive voltages
(Figure 3D). We quantified inward rectification as the ratio between inward (-140 mV) and
outward (+60 mV) chord conductance (Gya:), Where a ratio of 1 indicates equal Gya. in both
directions. From both rootstocks, VisHKT1;1-E variants had lower (approximately 50%)
inward rectification ratios than VisHKT1;1-e, irrespective of [Na']ex (Figure S6). Inward
rectification is an intrinsic property of grapevine VisHKT1;1-e variants, and not due to
differences in [Na']in, as increasing [Na']ex did not significantly alter the reversal potential
(Erey) between allelic variants, and E,., followed a positive Nernstian shift (Figure S7). In
addition to differences in inward rectification, we also observed differences in the inward
current at physiologically relevant negative membrane potentials in plants (-140 to -80 mV)
between the VisHKT1;1 variants (Figure 3D). To examine this in detail, we thouroghly
investigated the difference between VisHKT1;1-EK and VisHKTl;l-eK, finding that the
VisHKT1;1-EX variant displayed ~25 % larger currents at -140 mV in 30 mM Na* solutions,

and that this difference was consistent across different batches of oocytes (Figure S8).

We examined monovalent cation selectivity of different VisHKT1;1 allelic variants in oocytes.
All variants were highly selective for Na*, mediating large inward currents in 10 mM Nacl,
each with an E.., close to the predicted Nernst potential for this cation (Figure S9). When
Na® was substituted for lithium (Li*), potassium (K'), rubidium (Rb*) or cesium (Cs®), all
VisHKT1;1 allelic variants were unable to mediate inward currents (Figure S9). This
demonstrates that all VisHKT1;1 allelic variants characterised here were selective only for
Na*.
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Two polymorphisms (Ser-534-Arg and Gly-537-Asp) are responsible for differences in Na*
conductance and rectification

Of six polymorphic residues conserved between VisHKT1;1-E and VisHKT1;1-e allelic
variants, two residues occur in the predicted M2p transmembrane region near the carboxy
(C)-terminus, where charged residues are important for correct functioning of plant and
bacterial Trk/Ktr/HKT proteins (Kato et al., 2007). In VisHKT1;1-E variants, these residues are
uncharged, Ser-534 and Gly-537, but differ in VisHKT1;1-e variants with oppositely charged
Arg-534 (positive) and Asp-537 (negative) (Figure 3A and S5). To investigate whether these
SNPs affected protein function, we performed mutagenesis of VisHKT1;1-e to generate two
single mutant proteins, VisHKTl;l—eKD5376, VisHKTl;l—eKR534s, and a double mutant protein
VisHKTl;l—eKR534s/D537G. Expression of mutant alleles in oocytes revealed that the D537G
mutation alone had no effect on Gy,: or rectification, as this protein behaved like original
VisHKT1;1-e* (Figure 4A; Figure S10). Conversely, single R534S mutation resulted in larger
outward currents, reducing the inward rectification observed in VisHKTl;l—eK, and also
resulted in significantly higher inward slope Gy, in oocytes compared to wild-type (Figure
4A, Figure S10). When R534S mutation was combined with D537G mutation in eX R5345/D537G,
to mimic residues present at the C-terminus of VisHKT1;1-E variants, rectification was
abolished and inward slope Gy,. was further increased compared to the e*gsis single
mutant (Figure 4A), but this increase was not statistically significant compared to the R534S
single mutant (Figure S10). These mutations had no effect on cation selectivity of the e"
protein (Figure S11). Comparing the chord conductance ratio of each protein confirmed that
Arg-534 is the rectification residue in VisHKT1;1, as eK—wiId—type and eKD537G variants had
significantly higher ratios compared to eKR5345 mutant and eKR534s/D537G (Figure 4B). When
expressed in yeast, both single mutant proteins inhibited growth on 50 mM Na® to the same
degree as eK—wiId—type (Figure 4C). Only eKR5345/D5376 inhibited yeast growth on 50 mM Na* to
the same degree as E“-wild-type (Figure 4C). This suggests that variable yeast growth
inhibition mediated by the VisHKT1;1 allelic variants is due to the larger inward Na*
conductance of allele E variants and not due to differences in inward rectification. To further
confirm the role of Arg-534 in rectification and reduced conductance of VisHKT1.1-e

variants, we mutated the equivalent residue in wheat TaHKT1.5-D from serine to arginine.
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This mutation greatly reduced the inward Na* conductance, with TaHKT1.5-Dssosr Showing
currents half the magnitude of wild-type TaHKT1.5-D (Figure 4D & E). Furthermore,
TaHKT1.5-D showed almost no inward rectification, while TaHKT1.5-Dss0er Was strongly

inward rectifying (Figure 4F).

Dominant HKT1;1-EX and HKT1;1-E® alleles associated with Na* exclusion are derived from

V. riparia and V. berlandieri respectively

To gain understanding of the origin of VisHKT1,1 alleles, we sequenced VisHKT1,1 from four
Vitis species that make up this complex hybrid family (Figure 5A). The dominant £ and EF
alleles are likely to be derived from V. riparia and V. berlandieri respectively. Both these
accessions were homozygous for E alleles and thus provide ideal material for breeding new
grapevine rootstocks with strong Na* exclusion ability. Conversely, the recessive e allele
was found to originate from V. champinii, which is heterozygous for the e allele and a
unique E allele. The e” allele of 140 Ruggeri was derived from V. rupestris, which is also

heterozygous for the e” allele and another unique E allele (Figure $12).

The Na® exclusion ability of the four Vitis species was compared against the two parents and
a selection of hybrids to determine if this trait behaved as predicted by their HKT1;1
genotypes (Figure 5B). Indeed, V. riparia and V. berlandieri both display strong Na®
exclusion, with minimal Na* accumulation in leaves, which agrees with their homozygous
HKT1;1-E allelic makeup. Furthermore, V. champinii and V. rupestris, which both carry a
recessive HKT1;1-e allele, showed a moderate degree of Na" accumulation, which was less
than hybrids homozygous for HKT1;1-e alleles (HB55, HB25 and MI07-33) but greater than

other heterozygous genotypes, K51-40 and 140 Ruggeri and hybrid HB76.

Ten V. vinifera wine grape cultivars commonly grown in Australia were assessed for their
HKT1;1 genetics by sequencing the SNPs underlying residues 534 and 537. All V. vinifera
cultivars were homozygous for alleles encoding the Ser and Gly residues associated with
dominant VisHKT1;1-E alleles. As predicted by their HKT1;1 allelic makeup, these cultivars
were strong Na'-excluders, except for Shiraz which was a moderate Na*-excluder (Figure
5B). This result suggests that HKT1;1 is the major gene contributing to Na* exclusion in

grapevines, and other minor loci yet to be identified may also contribute.
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Discussion

The NaE QTL for Na* exclusion in grapevine contained six tightly linked HKT genes, which is
the entire complement of HKT genes in the grapevine reference genome. This contrasts with
cereals, where single HKT genes have been found within QTL for Na* exclusion (Ren et al.,
2005; Huang et al., 2006; Byrt et al., 2007), and tomato, where a QTL for Na* exclusion
contained two closely linked HKT genes (Asins et al., 2013). All six HKT genes within the NaE
locus are predicted to encode class-1 HKT proteins containing Ser-Gly-Gly-Gly selectivity
filters, suggesting they may have evolved by gene duplication, and are likely to be Na*
selective (Maser et al., 2002; Waters et al., 2013). Genetic and functional analyses
presented here strongly indicates that VisHKT1;1 is the gene responsible for variation in Na*
exclusion associated with the NaE locus. VviHKT1;1 localised to the plasma membrane and
was transcribed in cells associated with the root vasculature, suggesting that the Na®
exclusion mechanism in Vitis species involves retrieval of Na* from root xylem vessels into
surrounding cells, which is consistent with the role of HKT proteins in other plants (Munns &
Tester, 2008; Horie et al., 2009; Byrt et al., 2014). HKT1;3 was expressed in roots, but its
function could not be determined here. The functions of grapevine HKT1,2, HKT1,;6, HKT1,7,
and HKT1,;8 remain to be characterised, however microarray data suggests they are not
expressed in V. vinifera roots and are therefore unlikely to influence direct transfer of Na*
into the root xylem. Whether they transport Na* and the tissues in which they function was

beyond the scope of this study.

In other species, QTL mapping has identified allelic variants encoding HKT proteins that
confer greater Na* exclusion or greater K":Na* ratios (Ren et al., 2005; Asins et al., 2013;
Jaime-Pérez et al., 2016). It has been suggested that SNPs within the coding region between
tolerant and sensitive alleles of OsHKT1,;5 are responsible for the functional differences
between HKT allelic variants (Cotsaftis et al., 2011), but this has not been proven using
mutagenesis and functional characterisation of the encoded proteins. Thus few specific
amino acid residues have been identified within HKT proteins that are responsible for
different Na*-exclusion abilities of tolerant and sensitive lines. Here, we identified amino
acid residues, 534 and 537, in VisHKT1;1 allelic variants that impart strong and weak shoot
Na® exclusion when uncharged (Ser-534, Gly-537) and charged (Arg-534, Asp-537)

respectively.
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Single point mutations in plant HKT proteins have been shown previously to have functional
impacts. For example, a Ser or Gly residue in the first pore-loop domain (p-loop A)
determines Na® or K permeability in HKTs from Arabidopsis, wheat, rice and Venus flytrap
(Dionaea muscipula) (Maser et al., 2002; Bohm et al., 2016). Mutation of an Asp to Asn in
the second p-loop domain of Thellungiella salsuginea TsHKT1;2 and the Arabidopsis
ortholog (to create TsHKT1;2p.07n and AtHKT1n11p) altered their Na'/K™ selectivity, and
expression of TsHKT1;2 or the mutant Arabidopsis protein conferred greater salt tolerance
to Arabidopsis hkt1 -1 knockout plants due to increased K* accumulation in shoots (Ali et al.,
2012). In our study, the VisHKT1;1-e proteins had identical cation selectivity to VisHKT1;1-E
variants, suggesting that the increased Na* transport activity of VisHKT1;1-E variants confers

the mechanism for improved Na* exclusion in NaE progeny.

HKT proteins from rice that display strong (OsHKT1;1) and weak (OsHKT1;3) inward
rectification have been observed (Jabnoune et al., 2009). We identified a single amino acid
residue (Arg-534) that caused greater inward rectification of VisHKT1;1-e variants compared
to VisHKT1;1-E variants. We found that mutating the corresponding residue in wheat
TaHKT1.5-D also caused inward rectification and reduced Na® conductance. Both rice
OsHKT1;1 and 1;3 appear to rectify more strongly than VisHKT1;1-e and wheat TaHKT1.5-
Dssoer, and neither contain a residue equivalent to Arg-534. TsHKT1;2 and AtHKT1n211p
showed inward rectification of Na® transport, but the reverse D207N mutation in TsHKT1;2
did not abrogate this (Ali et al., 2016). These findings indicate that additional residues

influence rectification in HKT proteins.

Ali et al. (2016) suggested that inward rectification of AtHKT1;1"?*P

would impose a greater
Na’ retention in root cells, preventing Na® efflux to the xylem apoplast. However, they
found no difference in shoot Na*accumulation between Arabidopsis plants expressing
either the rectifying or non-rectifying AtHKT1 variants. In contrast, in our study, inheritance
of the non-inwardly rectifying VisHKT1;1-E alleles correlated with greater shoot
Na® exclusion. Therefore, the greater Na* conductance observed through the HKT1 variants
at physiologically relevant membrane potentials is likely to be the major contributing factor
to shoot Na* exclusion. This aligns with the suggestion by Ren et al. (2005) that the rice SKC1

allelic variant from salt tolerant variety Nona Bokra shows greater Na* conductance than the

allele from salt sensitive Koshihikari. It also agrees with thermodynamics of Na* transport in
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root xylem parenchyma cells, which is predicted to be inward (to the cytoplasm) through
channel-like proteins such as HKT, and outward (towards to xylem apoplast) through
secondary active Na*/H" exchangers (Munns & Tester, 2008). The functional role of inward
rectification of plant HKT proteins therefore remains unclear. However, it must be noted
that a greater degree of rectification was correlated with a lower magnitude of Na* current
at negative potentials in all the HKT variants and mutants studied here, so the two

properties are likely to be linked.

In our study, the R534S mutation in VisHKTl;l-eK reduced inward rectification and increased
inward Na* conductance. Within physiological pH ranges, the side chain of Arg-534 in
VisHKT1;1-e* is expected to be positively charged. The importance of positively charged
residues in the M2y region of Trk/Ktr/HKT proteins has previously been demonstrated for
AtHKT1 and TaHKT2;1 — mutation of Arg-519 in TaHKT2;1 and the equivalent Arg-487 in
AtHKT1 to uncharged GIn reduced the transport activity of both proteins (Kato et al., 2007).
In contrast, we found that replacing the charged residues in the M2, region with uncharged
residues increased the activity of VisHKT1;1-e¥. The additive effect of a D537G substitution
on transport activity in the VisHKTl;l-eKR534s/D537G double mutant protein in yeast, but no
change in conductance of the VisH KT1;1-eKD537G single mutant, might be due to interactions
between positive and negative side chains of the Arg-534 and Asp-537 residues in original
VisHKT1;1-e*. Future structural investigations into plant HKT proteins through protein
crystallisation would help to explain these observations. In the parental rootstocks,
expression of recessive VisHKT1;1-e alleles was approximately 2-fold less than the dominant
VisHKT1,1-E alleles in the root stele. The F1 progeny are likely to have similar expression
levels of each allele. Arabidopsis double knockout mutants of two transcription factors
arrl/arr12 showed a 6-fold increase in AtHKT1 expression in roots, which correlated with a
50% reduction in shoot Na® concentration (Mason et al., 2010). A 2-fold increase in
transcript abundance of allele E variants over allele e is therefore probably not large enough
to explain the large difference in leaf Na* that we observed between the homozygous NaE
and Nae hybrid progeny. While expression differences may contribute to leaf Na* exclusion,
functional differences in Na* transport are likely the major determining factor for the near-

Mendelian inheritance of Na* exclusion seen in our study.
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Ten V. vinifera cultivars examined here, were all homozygous for VWHKT1;1 alleles encoding
Ser and Gly residues at 534 and 537 — typical of dominant VisHKT1;1-E alleles. The majority
of these cultivars showed strong Na® exclusion abilities consistent with their HKT1;1 alleles.
This finding highlights the importance of selecting for dominant VisHKT1,1-E alleles in new
rootstock genotypes, as introducing recessive VisHKT1;1-e alleles could result in severely

diminished Na® exclusion capability compared with own-rooted V. vinifera.

In plants, both Na* and CI" can be toxic in high enough concentrations (Tavakkoli et al.,
2011), and which ion is more damaging depends on both their relative accumulation and
thresholds of toxicity (Munns & Tester, 2008). In grapevines, CI” has been attributed as the
ion most associated with salinity related ion toxicity; however, early studies that established
this link were limited to V. vinifera cultivars (Woodham, 1956; Ehlig, 1960; Downton,
1977b). In our study, all the V. vinifera cultivars were found to be relatively strong excluders
of Na*. Considering Na* exclusion is much more variable in rootstock genotypes derived
from other Vitis species and the prevalent use of rootstocks in viticulture, the impact of
elevated Na* accumulation on vine health warrants further investigation. The homozygous
recessive Nae hybrids identified here provide the ideal rootstock material for quantifying

the effect of high Na" accumulation on vine health and yield in longer-term future studies.

In conclusion, we identified VisHKT1;1 as a major gene controlling Na® exclusion in
grapevine rootstocks. Transgressive variation of Na® exclusion in the progeny of a
heterozygous rootstock cross is caused by the inheritance of VisHKT1,1 alleles that encode
proteins with differences in Na® conductance, voltage dependence, and have small
differences in root expression levels. We propose that the mechanism for enhanced Na*
exclusion in NaE progeny is the enhanced Na* conductance through VisHKT1;1-E variants,
which also display limited rectification. These functional properties are conferred by a
neutrally charged amino acid residue at the C-terminus of VisHKT1;1. Identification of
dominant VisHKT1;1-E alleles provide a valuable genetic marker to select for strong Na*
exclusion in rootstock breeding programs, which will assist with quality grape and wine

production from saline soils.
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Figure Legends

Figure 1 Na' exclusion is associated with a major QTL on chromosome 11 which contains a
cluster of six HKT1 genes

(A) Leaf Na* concentration in a population of K51-40 x 140 Ruggeri hybrids. The parents K51-
40 and 140 Ruggeri are indicated in black. Hybrid progeny are coloured according to their
inheritance of SNP markers at 13.7 Mb within the NaE locus. Hybrids homozygous for the
dominant NaE locus are indicated in yellow and progeny homozygous for recessive nae
locus are indicated in red. Progeny heterozygous for a dominant NaE® locus from K51-40
and a recessive nae® locus from 140 Ruggeri are indicated in mustard, while progeny
heterozygous for a recessive nae® locus from K51-40 and dominant NaE" locus from 140
Ruggeri are indicated in orange. Bars are mean + SEM of 3 biological replicates. (B)
Schematic of chromosome 11 Na* exclusion QTL mapping interval, shows map units in cM
(left) and the physical position of SNPs in Mb corresponding to the grapevine reference
sequence (right). Vertical dashed line represents the genome-wide significance threshold P
value of 0.01. (C) Relative positions of HKT1 genes (black arrows) on part of chromosome 11
based on the grapevine reference genome. WiHKT1;1 (VIT_211s0103g00010), WiHKT1;3
(VIT_211s0103g00050), WiHKT1,2 (VIT_211s0103g00090), WiHKT1,8
(VIT_211s0103g00130), WiHKT1,7 (VIT_211s0103g00140), WiHKT1,6
(VIT_211s0103g00150). White arrows signify unrelated genes. Not to scale.

Figure 2: HKT1;1 is a functional Na* transporter on the plasma membrane of grapevine
root stelar cells.

(A) Expression level of HKT transcripts in V. vinifera roots determined by microarray
hybridisation. Each point represents a unique probe from the microarray. Data are mean +
SEM of three biological replicates. Data are from Fasoli et al. (2012). (B) Current-voltage
relationship of X. laevis oocytes injected with water (red diamonds) WiHKT1;3 (black
squares) or WiHKT1;1 (blue circles). Oocytes were clamped from +60 to -140 mV in a
solution containing 10 mM Na*-gluconate, pH 5.5. Data are mean + SEM (n = 3 oocytes). (C)
Relative HKT1;1 transcript abundance in root tissue enriched in epidermal and stelar (dark

blue bars) or epidermal/cortical cells (light blue bars) from grapevine rootstocks K51-40 and
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140 Ruggeri. Data are means + SEM of three biological replicates of pooled tissue from
multiple plants. Data are relative to the K51-40 stelar replicate with the greatest transcript
abundance. Asterisk denotes significant difference between tissue types (P < 0.05; Student’s
t test). (D) Tobacco (N. benthamina) leaf epidermal cells expressing VViHKT1;1-GFP (upper
panels), free GFP (middle panels), or VViHKT1;1-GFP plus the ER marker HDEL-mCherry
(lower panels). Leaves in the upper and middle panels were imaged 10 mins after infiltration
with FM4-46, which predominantly stained the plasma membrane. Leaves were imaged by
confocal microscopy 2 days after agroinfiltration. Scale bar = 10 um. (E) Signal profiles of
GFP (green) and FM4-64 or mCherry (magenta) corresponding to the arrow in the adjacent

merged image from D. Overlapping peaks indicate colocalisation between the two signals.

Figure 3: Grapevine rootstock VisHKT1;1 allelic variants have different expression, and Na*
transport properties.

(A) Amino acid alignment of V. vinifera HKT1;1 from Cabernet Sauvignon with protein
sequences predicted from unique alleles of VisHKT1;1 present in K51-40 (EX and e*) and 140
Ruggeri (E® and e®). Residues conserved in three or more sequences are shown in black with
unique residues encoded by a single allele shown in grey. Encoded residue conserved
between E allele are highlighted in yellow and those conserved between e alleles are
highlighted in red. Predicted transmembrane regions (M1ap & M24p), and P-loop domains
(Pap) are shown above. Arrows indicate the position of residues in the selectivity filter.
Asterisks indicate residues selected for mutagenesis. (B) Copy number of mRNAs encoding
different VisHKT1;1 alleles in root tissue enriched stelar or epidermal/cortical cells from
grapevine rootstocks K51-40 (left) and 140 Ruggeri (right). Data are means + SEM of three
biological replicates of pooled tissue from multiple plants. Significant differences are
denoted by different letters (P < 0.05, one-way ANOVA with Tukey’s post-hoc test). (C)
VisHKT1;1 allelic variants differentially inhibit yeast growth on high Na®. Wild-type strain
INVSc2 was transformed with pYES-DEST52 empty vector as a control, or the same vector
containing allelic variants of VisHKT1;1. Diluted yeast strains were spotted (5 pL) onto plates
containing bp-glucose (spotting control), or b-raffinose and p-galactose (induction) = 50 mM
NaCl. Plates were incubated at 30 °C for 3 days. (D) Typical currents observed from oocytes
injected with cRNA encoding VisHKT1;1-E¥, VisHKT1;1-e", VisHKT1;1-E®, VisHKT1;1-e¥, and
water, in solutions containing 30 mM Na'-gluconate. Dashed lines represent zero current
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levels. Data represent total oocyte currents without background subtraction. Data are mean

+ SEM (n = 5 oocytes).

Figure 4: Arg-534 and Asp-537 control the gating and sodium conductance of VisHKT1;1-
e,

(A) Normalised current-voltage relationships of oocytes injected with water or cRNA
encoding VisHKT1;1-e, VisHKT1;1-e"55376, VisHKT1;1-e"rs345, and VisHKT1;1-ezs345/p5376 in
solutions with 30 mM Na®-gluconate. Data represent the HKT-mediated currents without
background subtraction. Data are mean + SEM (n = 9 oocytes from 2 batches). (B) The
inward chord conductance (Gy,:) ratio of Xenopus oocytes expressing VisHKT1;1-e* and
mutated variants in solutions containing 30 mM Na’-gluconate. The rectification ratio was
determined by dividing Gy, at -140 mV by Gpa+ at +60 mV. Chord conductances were
calculated from current-voltage relationships using the equation Gyay = | /( Vi - Viev). Data
are mean = SEM (n > 5 oocytes) and calculations were performed after subtraction of mean
background currents from water injected control oocytes. Asterisk denotes significant
difference from wild-type (t-test, P < 0.05). (C) Comparison of Na*-induced growth inhibition
of INVSc2 yeast strains expressing wild-type and mutant VisHKT1;1 alleles from K51-40.
Yeast were spotted onto plates containing b-glucose (control), or b-raffinose and p-galactose
(induction) £ 50 mM NaCl. Plates were incubated at 30 °C for 2 days (glucose) or 4 days
(galactose). (D-E) Current-voltage relationships of oocytes injected with cRNA encoding
TaHKT1;5-D (D) and TaHKT1;5-Dsseer (E) in solutions with 30 mM Na*-gluconate. Data
represent the HKT-mediated currents after background subtraction. Data are mean = SEM (n
> 9 oocytes). (F) The inward chord conductance (Gya:) ratio of Xenopus oocytes expressing
TaHKT1;5-D and TaHKT1;5-Dsseer in solutions containing 30 mM Na'-gluconate. Data are
mean = SEM (n = 9 oocytes). Asterisk denotes significant difference from wild-type (t-test, P

<0.01).

Figure 5: Recessive alleles, VisHKT1;1-eKand VisHKT1;1-eR,are derived from V. champinii

and V. rupestris respectively.

(A) Pedigree diagram of K51-40 and 140 Ruggeri illustrating the inheritance of VisHKT1;1
alleles from four different grandparent Vitis species. V. champinii and V. rupestris are

heterozygous carriers of the recessive VisHKT1;1-eand VisHKT1;1-e" allele respectively,
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while V. riparia and V. berlandieri appear to be homozygous for the dominant VisHKT1;1-E
and VisHKT1;1-ER alleles respectively. (B) Na* exclusion in selected progeny of K51-40 x 140
Ruggeri (from Figure 1A), the parents and grandparents, and V. vinifera cultivars. Individuals
are coloured according to their deduced amino acids at the key residues 534 and 537 of
VisHKT1;1 as determined by direct genomic DNA sequencing (Figure S12). Yellow bars
indicate genotypes homozygous for the dominant HKT1,1-E alleles (residues Ser-534 and
Gly-537). Red bars indicate genotypes homozygous for the recessive HKT1,1-e alleles
(residues Arg-534 and Asp-537), and orange bars indicate heterozygous genotypes that
contain one dominant HKT1,;1-E allele and one recessive HKT1;1-e allele. Bars are mean +
SEM of 3 biological replicates. Significant differences are denoted by different letters (P <

0.05, one-way ANOVA with Tukey’s post-hoc test.
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Figure 1 Na+ exclusion is associated with a major QTL on chromosome 11 which contains a cluster of six
HKT1 genes.
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Figure 2: HKT1;1 is a functional Na+ transporter on the plasma membrane of grapevine root stelar cells.
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Figure 3: Grapevine rootstock VisHKT1;1 allelic variants have different expression, and Na+ transport
properties.
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Figure 4: Arg-534 and Asp-537 control the gating and sodium conductance of VisHKT1;1-eK.
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Figure 5: Recessive alleles, VisHKT1;1-eK and VisHKT1;1-eR, are derived from V. champinii and V. rupestris
respectively.
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