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We analyzed the physiological impact of function loss on cheesmaniae alleles at the HKT1;1 and HKTI,2 loci in
the roots and aerial parts of tomato plants in order to determine the relative contributions of each locus in the

Giamgg h . different tissues to plant Na*/K* homeostasis and subsequently to tomato salt tolerance. We generated different
Is(ali?:ilty Na™ homeostasis reciprocal rootstock/scion combinations with non-silenced, single RNAi-silenced lines for ScHKT1;1 and

ScHKT1;2, as well as a silenced line at both loci from a near isogenic line (NIL14), homozygous for the Solanum
cheesmaniae haplotype containing both HKT1 loci and subjected to salinity under natural greenhouse conditions.
Our results show that salt treatment reduced vegetative growth and altered the Na'/K" ratio in leaves and
flowers; negatively affecting fruit production, particularly in graft combinations containing single silenced
ScHKT1;2- and double silenced ScHKT1;1/ScHKT1;2 lines when used as scion. We concluded that the removal of
Na' from the xylem by ScCHKT1;2 in the aerial part of the plant can have an even greater impact than that on Na*
homeostasis at the root level under saline conditions. Also, ScHKT1;1 function loss in rootstock greatly reduced
the Na'/K" ratio in leaf and flower tissues, minimized yield loss under salinity. Our results suggest that, in
addition to xylem Na™ unloading, ScHKT1;2 could also be involved in Na® uploading into the phloem, thus
promoting Na* recirculation from aerial parts to the roots. This recirculation of Na* to the roots through the
phloem could be further favoured by ScHKT1;1 silencing at these roots.

ScHKT1.1 and ScHKT1;2 genes
Solanum cheesmaniae
Tomato

urgent need to develop salt tolerant tomato crops that are capable of
efficiently assimilating K* and other nutrients in the presence of
excessive Na™ and Cl~ (Cuartero et al., 2006).

1. Introduction

Salinity in soils and in water available for irrigation is one of the

main environmental factors limiting the growth and yields of crops,
including tomato. Tomato, one of the world’s most widely produced
crops, is of great economic importance (FAOSTAT, 2017). Greenhouse
tomato, which is mainly grown in arid and semi-arid Mediterranean
regions, generates considerable revenue. However, this crop, which re-
quires large amounts of water to grow, exerts intense pressure on water
resources (Romero-Aranda et al., 2001). Given that the effects of climate
change on the water cycle are expected to aggravate the problem of
water scarcity in these areas, it will become increasingly necessary to use
low quality irrigation water in terms of salt content. Hence, there is an
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After tomato domestication, improvements in new cultivar plants
have greatly reduced the genetic pool used by breeders due to intensive
selection, mostly under optimal production conditions, in the absence of
soil, water or nutrient shortages among other factors (Mickelbart et al.,
2015). Nevertheless, considerable genetic diversity in the tomato
germplasm could be used to increase this crop’s water and soil salinity
resilience (Kashyap et al., 2021). The identification of quantitative trait
loci (QTLs) that control salt tolerance is of paramount importance for
breeding salt tolerant tomatoes (Cuartero et al., 2006). Exploiting the
halotolerant genetic potential of related wild type species as donors of
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tolerance traits, identified by QTL analysis, has been postulated as an
efficient strategy to reduce the impact of salinity on tomato (Cuartero
et al., 2006; Asins et al., 2010). One important trait of salt tolerance in
plants, including tomato, is the maintenance of cellular Na*/K" ho-
meostasis, essentially through Na™ exclusion from the root, modulation
of root-shoot transport and cellular compartmentalization of Na®™ (Van
Zelm et al., 2020; Kashyap et al., 2021), even though increasing evi-
dence suggests that K™ channels and transporters are also crucial (Wang
et al., 2020; Rubio et al., 2020). Tomato species display a broad geno-
typic diversity in regulating inter- and intra-cellular Na™ transport under
salt stress conditions. The most tolerant cultivars generally accumulate
more salt in stems and leaves than in roots as compared to more sensitive
cultivars (Estan et al., 2008; Cuartero et al., 2006; Asins et al., 2010,
2015).

Previous genetic analyses of fruit yield and content of Na™ and K*
using two RIL populations derived from Solanum lycopersicum x
S. pimpinellifolium and S. lycopersicum x S. cheesmaniae under salinity
conditions indicate that a major QTL on chromosome 7 controlling leaf
Na/K" homeostasis corresponds to two class 1 High-Affinity K"
Transporters, HKT1;1 and HKT1;2, (Villalta et al., 2008; Asins et al.
2013, 2015), that have been shown to be Na™ selective transporters
(Asins et al., 2013; Almeida et al., 2014). Given the close linkage be-
tween HKTI;1 and HKT1,2 in tomato (Asins et al., 2013), a reverse ge-
netic strategy based on loss of gene function was necessary to determine
which HKT1 transporter, if any, plays the main role in regulating Na™*
and K' concentrations in shoots when cultivated under saline condi-
tions. Thus, using two near-isogenic lines (NILs), which were homozy-
gous for either the S. lycopersicum allele (NIL17) or the S. cheesmaniae
allele (NIL14) at both HKT1 loci, and transgenic lines derived from these
NILs in which each HKT1;1 and HKTI1;2 had been silenced by stable
transformation, showed that silencing either S. Iycopersicum or
S. cheesmaniae alleles at HKT1;2 altered the leaf Na'/K' ratio and
caused hypersensitivity to salinity in plants cultivated under transpira-
tion conditions, while silencing these alleles at HKT1;1 had a lesser ef-
fect (Jaime-Pérez et al., 2017). In these previous studies, we consistently
found that ScHKT1;2 expression levels were much lower in roots and
higher in leaves, unlike SIHKT1;2, whose expression follows an opposite
pattern (Asins et al., 2013(; Jaime-Pérez et al., 2017; Romero-Aranda
et al., 2020). The differential HKT1;2 expression levels in NIL17 and
NIL14 roots and leaves were associated with differences in salt tolerance
in terms of fruit yields under high salinity conditions (145.5 mM NaCl),
which favoured NIL17 (Asins et al., 2013), while no such difference was
found under moderate salinity conditions (70 mM NaCl) (Romero-Ar-
anda et al., 2020). In addition, despite the negligible levels of SCHKT1;1
and SIHKTI;1 expression in all the tissues analyzed, as compared to
those of ScCHKT1;2 and SIHKTI1;2 (Asins et al., 2013; Jaime-Pérez et al.,
2017), under controlled growth chamber conditions, we observed a
significant increase in the growth of the NIL14 line silenced for ScHKT]1,
1, with respect to the non-silenced genotype, which achieved a growth
rate similar to that for NIL17 in the absence of NaCl (Jaime-Pérez et al.,
2017). Given that the cheesmaniae allele at HKT1;1 is hyperactive in
leaves and roots, unlike the lycopersicum allele, appears to indicate that
the cultivated tomato species has diverged from these wild species by
fixing a hyperactive allele in HKT1,;2, and also by decreasing HKT1;1
expression (Jaime-Pérez et al., 2017). Previous studies have shown that
an efficient and profitable utilization of wild germplasm can be carried
out through the improvement of rootstocks that confer salt tolerance in
terms of fruit yield on the grafted variety which is always homozygous
for the S. lycopersicum allele at both HKT1;2 and HKT1;1 (Estan et al.,
2008; Asins et al., 2015). In order to investigate the precise function of
HKT1;1 and whether both HKT1 loci play a similar role in the root and
the aerial part of the tomato plant, we decided to determine the effects of
silencing each HKT1 locus only at the rootstocks or at the scion.

To clarify the role of tomato HKT1-like transporters in tomato salt
tolerance, we analyzed the physiological impact of function loss on
cheesmaniae alleles at the HKT1;1 and HKT1;2 loci in the roots and aerial
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parts of the tomato NIL14 line in order to determine the relative
contribution of each isoform in the different tissues to tomato Na*/K"
homeostasis and subsequently to tomato salt tolerance. To do this, we
carried out a salinity tolerance experiment using reciprocal grafting
combinations of non-silenced NIL14, single RNAi-silenced lines for
ScHKTI;1 and ScHKT1;2, as well as a double silenced line at both loci.

2. Materials and methods
2.1. Plant material

The tomato near-isogenic line NIL14 used in this study was obtained
as described elsewhere (Asins et al., 2013). Briefly, it was developed by
selfing a segregating F6 line (RIL B157), which itself was obtained after
5 selfing generations of an F1 progeny from a cross between a salt
sensitive genotype of S. lycopersicum, var. Cerasiform (E9) as the female
parent, and the salt tolerant accession L2 (Asins et al., 1993) from
S. cheesmaniae (L. Riley) Fosberg as a male parent (Monforte et al., 1997;
Villalta et al., 2007, 2008). NIL14 and parents were genotyped for the
7720 SolCAP panel of SNP. Both parents (E9 and L2) share genotype at
4800 SNP loci. NIL14 presents E9 genotype at 1919 SNP loci, and
S. cheesmanieae genotype at 981 SNP loci, including HKT1;1 and HKT1;2
loci. Regarding other genes involved in Na' homeostasis, this NIL is
homozygous for the S. cheesmaniae allele at SOS1, and NHX4, and ho-
mozygous for the E9 allele at SIHAK20 (Wang et al., 2020), as inferred
from the genotypes at the flanking SNPs (solcap_snp_sl_64082 and sol-
cap_snp_sl_21335) of Soly04g008450.2; therefore, differences found in
this study cannot be attributed to line segregation at them. We used
three homozygous transgenic lines derived from NIL14 in which the
cheesmaniae alleles at HKT1;1 (L1.2) and HKT1;2 (L47.1) were silenced
by stable transformation using RNAi, as described elsewhere (Jai-
me-Pérez et al., 2017). Initial transgenic lines (L1.2 and L47.1) were
crossed, and three selected homozygous transgenic lines were derived
from a single hybrid plant (plant 3.13) by successive selfings and
marker-assisted selection at each selfing generation: line S8 (h1, silenced
at SCHKT1;1), line S30 (h2, silenced at ScHKT1;2), and line S110 (h1-h2,
silenced at both loci, ScHKT1;1 and ScHKT1;2), as shown in Fig. 1. As
control for comparative purposes, the non-silenced NIL14 (Wt) was
used. Reciprocal rootstock/scion graft combinations were performed
with non-silenced (Wt), single RNAi-silenced lines for ScHKT1;1 (hl),
ScHKTI1;2 (h2), as well as silenced lines at both loci (hl-h2).
Non-silenced self-grafted Wt/Wt was used as control. Genotype codes of
all tomato graft combination lines used in the present study are shown in
Suppl. Table S1.

2.2. Grafting procedure, greenhouse growth conditions and salt
treatments

Grafting was performed when seedlings had developed 3-4 true
leaves (27 d after germination) in the Semilleros Saliplant SL facility
(Carchuna, Granada, Spain). For reciprocal rootstock/scion combina-
tions, seedlings of each line described above (section 2.1) were cut over
the cotyledons, using the shoot as scion and the remaining plant part as
rootstock. After grafting, plants were grown as described elsewhere
(Romero-Aranda et al., 2020). Briefly, grafted plants with 6 leaves (45
d after germination, 18 d after grafting) were transferred to a 900 m?
polyethylene greenhouse located at La Mayora Estacién Experimental
(IHSM-CSIC) in Malaga in Southern Spain (36°4520.78"N
4°02'28.72"W) (Suppl. Fig. S1). At this developmental stage, 6-7
week-old plants were transplanted to 17 L plastic pots filled with
vermiculite, with one single grafted plant per pot. Pots in the greenhouse
were arranged in rows 1 m apart, corresponding to a density of two
plants per square meter. The graft combinations were randomly ar-
ranged in the rows. Two extra plants at the beginning and end of each
row and two rows of plants before and after the first and final experi-
mental rows were positioned to prevent border effects. Plants were
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11.2 (h1)
NIL14
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Line (code) HKT1;1 HKT1;2

_ . S110 (h1-h2) h1  h2
sg8 (hl) hl Wt
s30 (h2) Wt h2

» NIL14 (Wt) Wt Wt

Fig. 1. Obtaining homozygous silenced lines S8, S30and S110 derived from NIL14, a homozygote for the S. cheesmaniae allele at both HKT1 loci. Wt:, non-
silenced wild type; h1: ScHKT1;1-silenced; h2: ScHKT1;2-silenced; h1-h2: ScHKT1;1 and ScHKT1,2-double silenced lines.

grown under natural greenhouse light conditions without temperature
control during the autumn-spring season (November 2018 to April
2019) (Suppl. Fig. S1). Pollination was performed manually from
flowering start to fruit set. Pest and disease control was carried out ac-
cording to standard commercial practices. All axillary vegetative buds
were removed from the main stems which were trained vertically using
plastic nets attached with string to the greenhouse ceiling. The plants
were fertirrigated from the transplanting stage to the end of the exper-
iment, with a standard Hoagland nutrient solution adapted to tomato (5,
9mMN, 1 mM P, 6.6 mM K*, 4.5 mM Ca?t, 2mM S, 2 mM Mg?", and
microelements) (Hoagland and Arnon, 1950). Irrigation was
computer-controlled to provide all plants with the same volume of
nutrient solution, using an automatic drip irrigation system, with one
dripper per plant discharging 2 L h ™! of the solution. Salt treatment was
applied 8d after transplantation (53 d after germination, 26 d after
grafting). Thirty plants per graft combination were irrigated with
Hoagland nutrient solution supplemented with either 0 or 70 mM NaCl
until completion of the experiment (166 d after starting salt treatment).
The electrical conductivity (EC, dS m™!) and pH of the irrigation solu-
tion provided by the drippers were measured weekly to confirm the
stability of the irrigation conditions during the entire experimental
period (CE = 2.9 dS m™!, pH = 5.8-6.0).

2.3. Xylem sap collection, determination of plant dry biomass, and Na*
and K analysis

After 60 days of salt treatment, the aerial part of six plants per graft
combination and saline treatment was severed at 1.5 cm above the base
of the stems where a silicone tube was inserted to collect the xylem sap
exudate. The volume of xylem sap collected during the first 10 min was
discarded to rule out possible contamination from damaged cells and
was then collected for 20-60 min and stored at 4 °C for further analysis
(Romero-Aranda et al., 2020). After the xylem sap was collected, the
aerial parts (stems, leaves and flowers) and washed roots were identi-
fied, placed in paper bags and dried at 65 °C for 72h in a forced-air oven,
followed by measurement of dry mass. The dry biomass of the aerial part
(APDW) was calculated as the sum of the dry biomasses of leaves +
stems + flowers. The aerial part to root (AP/R) ratio was calculated by
dividing aerial part dry weight (APDW) by root dry weight (RDW). Na™*
and K' content in the xylem sap; in the 3rd inflorescence (including
peduncles, pedicels and flowers) and in the leaf directly below this
inflorescence (9th leaf), all sampled on d 60 of salt treatment, was
analyzed for ion composition using a Varian 720-E inductively coupled
plasma-optical emission spectrometer (ICP-OES; Scientific Instrumen-
tation Service, EEZ, CSIC, Granada, Spain).

2.4. Determination of yield, fruit content of total soluble solids, fruit
acidity, and fruit antioxidant content

Fruits from the first three trusses were harvested while maturing
from the end of February 2019 up to the beginning of April 2019 (after
between 105 and 145 d of salt treatment). Number of fruits and fruit
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weight were determined for six plants per graft combination and salt
treatment. Total yield per plant was calculated by adding up the number
and weight of fruits from all harvests to obtain the total fruit number
(TFN) and total fruit weight (TFW). Fruits were washed and ground to a
homogeneous liquid paste in a blender (Braun, Kronberg, Germany).
Subsamples of the homogenates obtained were immediately frozen at
—20 °C and stored for further analysis. Soluble sugar content (SSC-°Brix-
), titrable acidity (A), total carotenoids (TCarot) and total phenolic
compounds (phenolics) were determined as described elsewhere
(Romero-Aranda et al., 2020).

2.5. Gene expression analysis by qRT-PCR

Total RNA was purified from roots, the 7% leaf and the 1° floral
inflorescence, including peduncle, pedicel and floral receptacles, from
all graft combinations. Three independent biological samples, with one
plant per sample and treatment, were used for analysis in an initial
purification step with CTAB extraction buffer, followed by separation in
chloroform:isoamyl alcohol (24:1, v:v) and LiCl precipitation, according
to the protocol described by Liao et al. (2004). Resuspended RNA was
further purified using the Aurum™ total RNA mini kit (Bio-Rad Labo-
ratories, S.A.), together with RNAse-free DNase in-column treatment
(Promega Biotech Ibérica, SL), as well as RNAsecure™ resuspension
solution (Ambion Europa Ltd, Austin, TX, USA) for elution and resus-
pension according to the manufacturer’s instructions. First-strand cDNA
synthesis from 1 pg of total RNA was performed with iScript™ Reverse T
Supermix for RT-qPCR (Bio-Rad Laboratories, S.A.) using the oligo-dT
and random hexamer primer blend provided according to the sup-
plier’s protocol. As described elsewhere (Asins et al., 2013; Jaime-Pérez
et al.,, 2017), RT-qPCR was carried out using 1 pl of undiluted cDNA
mixed with iTaq™ universal SYBR green supermix (BioRad) and 0.45 pM
of forward and reverse primers (Suppl. Information Table S2) in a
QuantStudio™ 3 Real-Time PCR System (Applied Biosystems, Thermo
Fisher Scientific). Relative expression data (fold change) were calculated
from the difference in the threshold cycle (AC;) between the genes
studied and DNA amplified by specific primers for the tomato elongation
factor 1a (LeEF1-q, acc. AB061263) as housekeeping gene. In previous
studies, LeEF1-a was shown to be highly stable regardless of genotype,
tissue or treatment (Asins et al., 2013; Jaime-Pérez et al., 2017;
Romero-Aranda et al., 2020). Relative expression levels were calculated
with the aid of the 2744¢ equation (Livak and Schmittgen, 2001) using
the expression level of each gene in each tissue and the expression levels
of the non-silenced, non-treated, self-graft combination Wt/Wt as the
calibrating sample. Due to the heterogeneity of these data, ANOVA
statistical analysis was carried out following transformation using the
logs Fold Change application (Rieu and Powers, 2009).

2.6. Statistical analysis

Data were analyzed by two-way ANOVA with the factors graft-
combination (G), salt treatment (E) and the interactions of G x E
(Statgraphics Centurion software, 2009). When one or both factors had a
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significant impact but their interaction was insignificant, the means of
the treatments of one or both factors were separated by Fisher’s least
significant difference (LSD) test (P < 0.05). The same test was used to
separate the means of all treatments when the interactions were also
significant.

3. Results

3.1. Graft combinations with SCHKT1;2 function loss showed a visible
salt-hypersensitive phenotype in the vegetative stage associated with an
altered Na* /K" ratio in leaves and flowers as well as a sharp reduction in

fruit yields

Transcript levels of ScCHKT1,2 were analyzed in root, leaf and flower
tissues in selected reciprocal rootstock/scion combinations with non-
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silenced (Wt), single RNAi-silenced lines for ScHKT1;1 (hl) and
ScHKTI;2 (h2), as well as double silenced lines at both loci (h1-h2),
grown for 30 d under control and saline conditions, to confirm that these
genes are actually silenced in the respective specific tissues (Fig. 2).
ScHKT1;2 gene expression in roots and aerial parts was strongly silenced
where expected. In roots, these expression levels were significantly
lower in rootstocks bearing ScHKT1;2-silenced lines, such as h2/Wt and
h1-h2/Wt, including self-graft combinations h2/h2, h1-h2/h1-h2, than
in the non-silenced self-graft Wt/Wt (Fig. 2A). In leaf and flower tissues,
ScHKT1;2 expression levels in scions bearing ScHKT1;2-silenced lines,
such as the Wt/h2, Wt/h1-h2, and the respective self-grafts h2/h2, h1-
h2/h1-h2, were also lower than in non-silenced self-graft Wt/Wt
(Fig. 2B and C). However, in roots, SCHKT1;2 gene expression was also
low in non-silenced rootstocks when grafted under silenced aerial parts
such as Wt/h2 and Wt/h1-h2 (Fig. 2A). Meanwhile, scarcely at all in

ScHKT1;1
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Fig. 2. Transcript levels of ScHKT1;2 and ScHKTI:1 in root (A), leaf (B) and flower (C) tissues in reciprocal rootstock/scion combinations with non-
silenced (Wt), single RNAi-silenced lines for ScHKT1;1 (h1) and ScHKT1;2 (h2), as well as double-silenced lines at both loci (h1-h2) grown under con-
trol and saline conditions. Total RNA was purified from roots, the 7 leaf and 1° floral inflorescence, including the peduncle, pedicel and floral receptacle of
grafted combinations cultivated in vermiculite in 17 L pots irrigated with 1x Hoagland solution and treated for 30 d with 0 mM NaCl (clear bars) and 70 mM NaCl
(dark bars) under natural greenhouse conditions during the fall-spring season (November-April). The tomato elongation factor gene, LeEF-1a, was used as the
reference gene. The results show an increase or decrease in the transcript levels of each HKTI,;2 gene in relation to the levels for roots, leaves and flowers of the Wt/
Wt combination graft cultivated in the absence of stress, to which the value 0 was assigned. Each value is the mean =+ the standard error of nine replicates for roots
and flowers (three biological and three technical replicates). Data were analyzed by two-way ANOVA using genotype (G), salt treatment (E) and their interaction

(GXE) as sources of variation. Their significance was evaluated (P-value, not significant, ns, *P < 0.05, **P < 0.01, ***P < 0.001). Significant differences are
indicated by different letters according to Fisher’s LSD test (P < 0.05).
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leaves and particularly, in flowers, this unexpected silencing effect also
occurred in non-silenced scions when grafted onto silenced rootstocks
(h2/Wt and h1-h2/Wt), but to a lesser extent than in the case described
above (Fig. 2B and C). This expression pattern could be due to small
interference RNA (siRNA) fragments translocated from shoots to roots
and vice versa via the phloem, which induces silencing machinery in
these tissues (Brosnan and Voinnet, 2011). However, this subsequent
silencing effect on HKT1;2 gene expression after 30 d of salt treatment,
when silenced lines are grafted under or onto non silenced organs, ap-
pears to be transient; the effect disappeared after 60 d of salt treatment
when HKT1;2 gene expression was measured in tissues, such as pedun-
cles and flower receptacles of the third floral truss of selected graft
combinations (Suppl. Fig. S2). This silencing effect may also have dis-
appeared in roots, where gene expression was not, however, measured.
As observed in previous studies of NIL14 Wt plants (Asins et al., 2013)
and NIL 14 with ScHKT1,2 silenced in the whole plant (Jaime-Pérez
et al., 2017; Romero-Aranda et al., 2020), salt treatment with 70 mM
NacCl for 30 d did not significantly affect SCHKT1;2 expression in any
tissue of self-grafted Wt/Wt, h2/h2 or h1-h2/h1-h2. Likewise, in most
graft combinations with h2 lines, either as rootstock or scion, salt
treatment increased ScHKT1;2 expression levels to a certain extent in
roots and aerial parts (leaves and flowers) as compared to the control,
but never reached the transcript levels of non-silenced Wt/Wt. In graft
combinations with ScHKT1;1-silenced lines, either as rootstock or scion,
ScHKT1;2 expression levels in roots and leaves remained unchanged
with respect to non-silenced Wt/Wt under control and saline conditions,
except for an unexpected decrease observed in the leaves of hl/Wt
under control conditions and an increase in h1/hl roots under saline
conditions (Fig. 2A and B). In flowers, ScHKT1;2 expression levels
decreased in all graft combinations with SHKT1;1-silenced lines under
control and saline conditions.

Growth in roots (RDW) and aerial parts (APDW), expressed as dry
weight, and the visual appearance of reciprocal rootstock/scion graft
combinations grown under control and saline conditions are shown in
Fig. 3 and Suppl. Fig. S3, respectively. After 60 d of salt treatment, with
70 mM NaCl added to the irrigation solution, non-silenced self-grafted
Wt/Wt plants showed a significant reduction in shoot growth (stems +
leaves), with no significant changes in root biomass production
observed. However, no remarkable visual symptoms were observed
despite a significant increase in foliar Na™ content and a decrease in K*
content (Fig. 4). Salinity reduced APDW growth to different degrees in
graft combinations, with either h2 or h1-h2 used as rootstock and scion
(Fig. 3). Specific salt effects in graft combinations with h1 used as either
rootstock or scion will be assessed in Section 3.2. As compared to the
control, salt treatment for 60 d significantly reduced growth in the dry
weight of both roots and aerial parts in graft combinations with h2 or h1-
h2 used as scion, as well as self-grafted h2/h2 and h1-h2/h1-h2 (Fig. 3).
All these graft combinations (Wt/h2, h2/Wt, h2/h2, Wt/h1-h2, h1-h2/
Wt and h1-h2/h1-h2) showed a visible salt-hypersensitive phenotype in
the vegetative stage (Suppl. Fig. S3). After 60 d of salt treatment, initial
foliar necrosis at the edge of the leaves was observed; which then
expanded to the whole leaf surface and from the leaves at the plant’s
base to those at the top. After 83 d of salt treatment, we observed total
necrosis in basal leaves, marginal necrosis in young leaves and necrosis
in inflorescences. Most flowers showed necrotic sepals and petals and
even significant floral abscission; whose effects were exacerbated after
166 d by the end of the assay. Throughout the assay, non-silenced plants
Wt/Wt showed green leaves with no necrotic symptoms.

The salt-hypersensitive phenotype observed in Wt/h2, h2/Wt, h2/
h2, Wt/h1-h2, h1-h2/Wt and h1-h2/h1-h2 could be related to higher
Na™ accumulation and a higher Na™/K" ratio recorded in leaves and
flowers (Figs. 4 and 5). Xylem sap analysis showed an overall significant
increase in Na™ in all graft combinations, with h1, h2 or h1-h2 used as
rootstock and scion grown with 70 mM NaCl; the highest values were
recorded on the h1-h2/h1-h2, while, in this combination, xylem sap
showed a slight reduction in K" content, and no significant change was
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Fig. 3. Growth expressed as aerial part dry weight (APDW) and root dry
weight (RDW) in reciprocal rootstock/scion combinations with non-
silenced (Wt), single RNAi-silenced lines for ScHKTI;1 (hl) and
ScHKT1;2 (h2), as well as double-silenced lines at both loci (h1-h2) grown
under control and saline conditions. Grafted combinations were cultivated in
vermiculite in 17L pots irrigated with 1x Hoagland solution and treated for 60
d with 0 mM NacCl (clear bars) and 70 mM NaCl (dark bars) under natural
greenhouse conditions during the fall-spring season (November-April). Values
represent mean =+ standard error of six different samples. Data were analyzed
by two-way ANOVA using genotype (G), salt treatment (E) and their interaction
(GxE) as sources of variation. Their significance was evaluated (P-value, not
significant, ns, *P < 0.05, **P < 0.01, ***P < 0.001). Significant differences are
indicated by different letters according to Fisher’s LSD test (P < 0.05).

detected in h2/h2, Wt/h1-h2, h1/Wt or h/h1 (Fig. 6). However, no
relationship between Na' content in xylem sap and Na' content in
leaves was observed with respect to the different graft combinations
(Figs. 4-6).

Tomato yields measured as total fresh weight (TFW) and total fruit
numbers (TFN) are shown in Fig. 7. Under non-saline conditions, yields
were similar to Wt/Wt in most graft combinations except for h1/h1, h2/
Wt and h1-h2/h1-h2, which showed a slight but significant increase,
while a sharp reduction in h2/h2 self-grafts was observed. As expected,
salinity reduced TFW in all graft combinations although this reduction
was not significant in h1/Wt. This salt-induced reduction in TFW was
even higher in graft combinations containing h2 and h1-h2 lines used as
either rootstock or scion than in salt-treated Wt/Wt, except h2/Wt.
Regarding the number of fruits per plant, there was a clear salt-induced
reduction in TFN in Wt/h2, h2/Wt, and the three combinations con-
taining h1-h2. Fruit quality parameters are shown in Fig. 8. Under non-
saline growth conditions, the range of means for acidity (A, as % of citric
acid), soluble sugar content (SSC) expressed as °Brix, and total phenolic
compounds was quite narrow as compared to that under salinity con-
ditions where an overall increment was observed in these quality traits.
A notable exception was the self-grafted silenced line for SCHKT1,;2 (h2/
h2), whose SSC and total phenolics did not increase. Total carotenoids
remained unchanged (Fig. 8).
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Fig. 4. Leaf Na* and K™ content and the Na'/K" ratio in the leaf imme-
diately below the 3"¢ inflorescence (9™ leaf) in reciprocal rootstock/scion
combinations with non-silenced (Wt), single RNAi-silenced lines for
ScHKT1;1 (hl) and ScHKT1;2 (h2), as well as double-silenced lines at both
loci (h1-h2) grown under control and saline conditions. Na* and K* con-
tent in the 9% leaf of grafted combinations cultivated in vermiculite in 17 L pots
irrigated with 1x Hoagland solution and treated for 60 d with 0 mM NacCl (clear
bars) and 70 mM NacCl (dark bars) under natural greenhouse conditions during
the fall-spring season (November—April). Values represent mean + standard
error of six different samples. Data were analyzed by two-way ANOVA using
genotype (G), salt treatment (E) and their interaction (GXE) as sources of
variation. Their significance was evaluated (P-value, not significant, ns, *P <
0.05, **P < 0.01, ***P < 0.001). Significant differences are indicated by
different letters according to Fisher’s LSD test (P < 0.05).

3.2. Na' accumulation with saline irrigation in leaves was lower in graft
combinations with single SCHKT1;1-silenced lines, with no marked visual
symptoms in the vegetative stage, and their fruit yields were similar to
control plants but enhanced for SSC under salinity conditions

No significant differences in ScHKTI;1 expression levels were
observed among graft combinations with ScHKTI1;1- or ScHKTI;2-
silenced lines as compared to non-silenced lines in any tissue (root, leaf
or flower), even after salt treatment with 0 and 70 mM NacCl for 30 days
under commercial greenhouse conditions (natural light and no tem-
perature control) (Fig. 2). This could be due to the highly variable data
obtained, together with the low expression levels detected in all tissues
from the silenced and non-silenced lines, as Ct levels exceeding 30 were
systematically observed for ScHKTI;1, which is very close to the QPCR
detection range for controls with no RNA (results not shown). Salt
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Fig. 5. Flower Na' and K™ content and the Na*/K" ratio in control and
salt-treated reciprocal rootstock/scion combinations with non-silenced
(Wt), single RNAi-silenced lines for ScHKT1;1 (h1l) and ScHKT1;2 (h2),
as well as double-silenced lines at both loci (h1-h2) grown under control
and saline conditions. Na* and K" content in the 3™ floral inflorescence,
including the peduncle, pedicel and floral receptacle, of grafted combinations
cultivated in vermiculite in 17L pots irrigated with 1x Hoagland solution and
treated for 60 d with 0 mM Nacl (clear bars) and 70 mM NacCl (dark bars) under
natural greenhouse conditions during the fall-spring season (November—April).
Values represent mean + standard error of six different samples. Data were
analyzed by two-way ANOVA using genotype (G), salt treatment (E) and their
interaction (GxE) as sources of variation. Their significance was evaluated (P-
value, not significant, ns, *P < 0.05, **P < 0.01, ***P < 0.001). Significant
differences are indicated by different letters according to Fisher’s LSD test (P
< 0.05).

treatment over a period of 60 d slightly reduced shoot growth (APDW) in
graft combinations bearing single ScHKT1;1-silenced lines as rootstock
h1/Wt, and self-graft h1/hl in a similar way to Wt/Wt (Fig. 3). In
addition, growth of the root system (RDW) in h1/Wt was unaffected by
salt treatment (such as Wt/Wt), and h1/h1 recorded growth comparable
to that of self-grafted Wt/Wt. Moreover, the h1/Wt, and h1/h1 grafts
showed lower Na* in the 3™ flower truss and in the leaf immediately
below, resulting in a Nat/K™ ratio lower than that for Wt/Wt self-grafts
under salinity (Figs. 4 and 5). They also showed no pronounced visual
symptoms of deleterious salt effects (Suppl. Fig. S3). No significant
salinity effect was detected for TFW in h1/Wt graft combination (Fig. 7),
while the TFN of any combination bearing silenced HKT1;1 either as
scion or rootstock did not change significantly (such as Wt/Wt), and
their means under salinity were similar to those of Wt/Wt. It is note-
worthy that fruits from graft combinations Wt/h1, h1/Wt and h1/h1
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Fig. 6. Xylem sap Na'™ and K" content in reciprocal rootstock/scion
combinations with non-silenced (Wt), single RNAi-silenced lines for
ScHKT1;1 (h1) and ScHKT1;2 (h2), as well as double silenced lines at both
loci (h1-h2) grown under control and saline conditions. Na* and K* con-
tent in xylem sap from grafted combinations cultivated in vermiculite in 17 L
pots irrigated with 1x Hoagland solution and treated for 60 d with 0 mM NaCl
(clear bars) and 70 mM NacCl (dark bars), under natural greenhouse conditions
during the fall-spring season (November-April). Values represent mean =+
standard error of six different samples. Data were analyzed by two-way ANOVA
using genotype (G), salt treatment (E) and their interaction (GXE) as sources of
variation. Their significance was evaluated (P-value, not significant, ns, *P <
0.05, **P < 0.01, ***P < 0.001). Significant differences are indicated by
different letters according to Fisher’s LSD test (P < 0.05).

contained higher SSC than those of Wt/Wt under salinity conditions
(Fig. 8).

4. Discussion

As can be seen in Fig. 9, depicting a schematic representation of Na™
homeostasis by different transport proteins in tomato, Na* concentra-
tions in various tissues of tomato plants under salinity conditions, and
consequently Na* (and K*) homeostasis, are regulated by different Na™
transporters including the plasma membrane Na*/H" exchanger SOS1
and its regulatory proteins (Olias et al., 2009; Huertas et al., 2012; Fig. 9,
points 2, 3), HKT1-like Na™ transporters (Asins et al., 2013; Jaime-Pérez
et al., 2017, Fig. 9, points 5, 6), as well as certain NHX cation/proton
antiporter isoforms (Rodriguez-Rosales et al., 2009; Huertas et al., 2012,
2013, Fig. 9, points 3, 4). It is particularly important to investigate the
role of genes encoding HKT1-like Na* transporters in Na*/K* homeo-
stasis in tomato under saline conditions to improve tomato salt toler-
ance. These transporters play an important role in Na™ and K*
homeostasis under saline conditions in many model and crop plants by
removing Na® from the xylem and by controlling its accumulation in
shoots, as well as through Na™ recirculation via the phloem (Berthomieu
etal., 2003; Ren et al., 2005; Sunarpi et al., 2005; Davenport et al., 2007;
Hauser and Horie, 2010; Munns et al., 2012; Byrt et al., 2014; Kobayashi
et al., 2017; Henderson et al., 2018). Tomato HKT1;1 and HKT1,2 genes
encode class I HKT Na'-selective transporters (Asins et al., 2013;
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Fig. 7. Fruit yield measured as total weight per plant (A) and number of
fruits per plant (B) of rootstock/scion combinations with non-silenced
(Wt), single RNAi-silenced lines for ScHKTI1;1 (h1) and ScHKT1;2 (h2),
as well as double silenced lines at both loci (h1-h2) grown under control
and saline conditions. Grafted plants were cultivated in vermiculite pots and
irrigated with 1x Hoagland solution in a commercial greenhouse and treated for
159 d with 0 mM (clear bars) and 70 mM NaCl (dark bars). Fruits were har-
vested from the three first trusses during a salt treatment period of 104 and 159
d. Values represent mean + standard error of six different samples Data were
analyzed by two-way ANOVA using genotype (G), salt treatment (E) and their
interaction (GXE) as sources of variation. Their statistical significance was
evaluated (P-value, not significant, ns, *P < 0.05, **P < 0.01, ***P < 0.001).
Significant differences are indicated by different letters according to Fisher’s
LSD test (P < 0.05).

Almeida et al., 2014), which are expressed in the vascular system,
particularly in the xylem and possibly in the phloem of tomato root and
shoot tissues (Jaime-Pérez et al, 2017). In previous studies, we
demonstrated that the Na™ transporter-encoding HKT1;2 gene func-
tionally underlies the major QTL controlling shoot Na*/K" homeostasis
and plays an important role in tomato salt tolerance in terms of vege-
tative growth (Jaime-Pérez et al., 2017; Romero-Aranda et al., 2020).
However, the Na™ transporter-encoding HKT1;1 gene had little effect on
tomato shoot Na'/K' homeostasis under controlled growth chamber
conditions (Asins et al., 2013; Jaime-Pérez et al., 2017). In this study, we
carried out a reciprocal grafting experiment using the cheesmaniae
allele-bearing NIL14 at the HKT1 locus and their transgenic silenced
derivatives for both ScHKTI1;1 and ScHKTI;2 in order to determine in
which tissue loss of function of each isoform has the greatest impact on
plant salt tolerance. It is also important to determine the relative
contribution of each gene to the removal of Na* from the xylem at root
level with respect to that of the aerial part of this NIL, its role in phloem
loading and its impact on sink tissues.

4.1. The combined removal of Na* from the xylem and, possibly, Na™
uploading into the phloem in the aerial part by ScHKT1,;2 play an
important role in preventing a negative saline impact on growth in the
aerial part and on fruit yields

Function loss in SCHKT1;2 throughout the plant in self-grafted h2/h2
under saline conditions resulted in a sharp increase in the Nat/K" ratio
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Fig. 8. Quality parameters, titrable acidity, sugars (°Brix), carotenoids and phenolics for fruits in reciprocal rootstock/scion combinations with non-
silenced (Wt), single RNAi-silenced lines for SCHKT1;1 (h1) and ScHKT1;2 (h2), as well as double-silenced lines at both loci (h1-h2) grown under con-
trol and saline conditions. Grafted plants were cultivated in vermiculite pots and irrigated with 1x Hoagland solution and treated for 159 d with 0 mM (clear bars)
and 70 mM NaCl (dark bars) under natural greenhouse conditions during the fall-spring season (November—April). Fruits were harvested from the three first trusses
during a salt treatment period of 104 and 159 d. Values represent mean =+ standard error of six different samples. Data were analyzed by two-way ANOVA using
genotype (G), salt treatment (E) and their interaction (GxE) as sources of variation. Their significance was evaluated (P-value, not significant, ns, *P < 0.05, **P <
0.01, ***P < 0.001). Significant differences are indicated by different letters according to Fisher’s LSD test (P < 0.05).

in tomato leaves as compared to the non-silenced self-grafted Wt/Wt
(Figs. 4 and 5), being these effects associated with a sharper reduction in
aerial part (APDW) and root (RDW) growth (Fig. 3), as well as a visible
salt-hypersensitive phenotype in the vegetative stage (Suppl. Fig. S3).
This salt-hypersensitive phenotype is similar to that of the Arabidopsis
hkt1;1 mutant, indicating that SCHKT1;2 and AtHKT1;1 are orthologues
(Berthomieu et al., 2003; Sunarpi et al., 2005; Davenport et al., 2007).
These data corroborate our previous results obtained with silenced lines
throughout both plant grown under controlled conditions in a culture
chamber (Jaime-Pérez et al., 2017), as well as under natural greenhouse
conditions usual for commercial greenhouse tomato production
(Romero-Aranda et al., 2020). We also found that salt treatment induces
a Na™ over-accumulation pattern in the 3 floral truss similar to that in
leaves after 60 d of salt treatment in self-grafted h2/h2. However, there
was a slight but significant reduction in K™ followed by a sharp increase
in the Nat/K™ ratio, while salt-induced Na™ accumulation in the flowers
of non-silenced self-grafted Wt/Wt was much lower. This Na™
over-accumulation in self-grafted h2/h2 flowers was associated with a
sharper reduction in TFW than in the non-silenced self-grafted Wt/Wt
(Fig. 7), which is in line with the almost totally silenced transcript levels
of ScHKT1;2 in flower tissues (Fig. 2). It has therefore confirmed that
ScHKT1;2 plays an important role in limiting Na™ flux to flowers in order
to protect these organs against Na™ toxicity and to mitigate the reduc-
tion in tomato fruit yields under salinity conditions as shown in a pre-
vious study (Romero-Aranda et al., 2020). Very similar results were
obtained with the self-grafted h1-h2/h1-h2 combination (Figs. 3-5,
Suppl. Fig. S3), which appear to indicate that function loss in ScHKT1;1
did not alter the effects of the lack of function of ScHKT1;2 under salinity
conditions.

Results obtained from grafted combinations with function loss in
ScHKT1;2 in either rootstock or scion, single or double silenced with
ScHKTI1;1 (Wt/h2, h2/Wt, Wt/h1-h2 and h1-h2/Wt) showed a visible
salt-hypersensitive phenotype in the vegetative stage (Suppl. Fig. S3),
associated with a high increase in Na* content and a sharp reduction in
K" content in leaves and flowers, although the reduction in K* content
was not significant in the flowers of h1-h2/Wt and Wt/h1-h2 (Figs. 4 and
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5). However, Wt/h2 plants showed less growth and a sharper reduction
in fruit yields caused by salinity than Wt/Wt plants, with the reductions
in these parameters resembling those for Wt/Wt in h2/Wt plants (Figs. 3
and 7). Very similar results were obtained using the graft combinations
h1-h2/Wt and Wt/h1-h2 with function loss in both ScHKTI;2 and
ScHKT1;1 in either rootstock or scion (Figs. 3-5, Suppl. Fig. S3), except
for the sharper reduction in fruit yields in the grafted combinations h1-
h2/Wt and Wt/h1-h2 than in self-grafted Wt/Wt. Our previous studies
have shown that SCHKT1;2 expression levels are much lower in roots and
considerably higher in leaves and flowers (Asins et al., 2013; Jai-
me-Pérez et al., 2017; Romero-Aranda et al., 2020). This gene expres-
sion pattern must determine the major QTL controlling Nat/K*
homeostasis in tomato shoots, rather than differences in functional
proteins, as cheesmaniae and lycopersicum HKT1;2 alleles share identical
nucleotide-encoding sequences (Asins et al., 2013). The cheesmaniae
HKTI;2 allele is associated with larger amounts of Na* and smaller
amounts of K™ stored in the aerial part of NIL14 plants, while the Iyco-
persicum HKT1,2 allele has an opposite effect (Villalta et al., 2008; Asins
et al., 2013). Thus, in roots, the low transcription levels of ScCHKT1;2 in
NIL14 could mean that less Na* was transferred from the xylem to xylem
parenchyma cells and that larger amounts of Nat were transported via
the transpiration stream to the aerial part (Fig. 9, point 5). Meanwhile,
the higher expression levels of ScHKT1,2 in leaves from NIL14 may in-
crease the withdrawal of Na' from the leaf xylem, thus promoting its
intracellular accumulation in the mesophyll cells of expanding leaves
(Asins et al., 2013; Jaime-Pérez et al., 2017; see Fig. 9, points 4 and 5).
This physiological mechanism produced by ScHKTI1;2 could result in
improved and more inexpensive osmotic adjustments in leaves if safely
stored in vacuoles; this also explains why salt-tolerant tomato varieties
and species accumulate higher levels of Na® in aerial parts than in
sensitive varieties without any major negative impact on growth and
yields (Cuartero and Fernandez-Munoz, 1998; Cuartero et al., 2006).
Given these differential gene expression levels, silencing ScHKT1;2 in
the scion could have a more negative effect on the removal of Na* from
the xylem in the aerial part as compared to its impact in the rootstock on
the removal of Na™ from the xylem in the root in order to prevent any
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Fig. 9. A hypothetical model for the role of ScHKT1;1 and ScHKT1;2 Na™ transporters in Na*/K* homeostasis in tomato under salinity conditions. (1) Na*
ions massively enter the cells via non selective cation channels (NSCCs) (Van Zelm et al., 2020). (2) The Na*/H" antiporter SOS1, activated by the SOS2-S0OS3
complex, promotes Na™ extrusion out of the root in the epidermis and cortex cells, thus reducing the net influx of Na*, Na™ loading into the xylem, and Na™ efflux
from leaves at the XPC (Olias et al., 2009). (3) Activation of NHX4 and NHX2 by SOS2 causes Na™ (and K™) accumulation in the vacuolar and endosomal (not shown)
compartments, respectively, in roots and leaves (Huertas et al., 2012, 2013). SOS2 also activates the plasma membrane and tonoplast H*-ATPase responsible for
energizing SOS1 antiporter activity, as well as NHX2 and NHX4 (Huertas et al., 2012; 2013). (4) In aerial parts, the CBL10/SISOS2 kinase complex promotes cell Na™
extrusion by SOS1 in young leaves and intracellular Na " compartmentalization by NHX transporters in mature leaf tissues (Egea et al., 2018). (5) At the root XPC,
HKT1-like proteins retrieve Na™ from the xylem sap, thereby restricting the amount of Na* reaching the photosynthetic tissues which is probably exchanged for K™
through other K" channels (Rubio et al., 2020). In the case of NIL14, the hypoactive cheesmaniae allele of HKT1;2 at the root level causes less withdrawal of Na* from
the root xylem, again exchanged for K, which remains in the root (Asins et al., 2013; Jaime-Pérez et al., 2017). Thus, more Na™ reaches the aerial part through the
transpiration current, which, together with the presence of a SCHKT1;2 hyperactive allele in XPC from the aerial part, promotes the removal of Na™ from xylem and
subsequent vacuolar accumulation in the mesophyll cells through the NHX system (4) (Jaime-Pérez et al., 2017). This would functionally explain the QTL as defined
by the HKT1;2 cheesmaniae allele which determines higher Na* and lower K™ accumulation in the aerial part of tomato under saline conditions, while the ScHKT1;1
Na' transporter in XPC appears to play a minor role in Na*/K" homeostasis in the aerial part of tomato (Jaime-Pérez et al., 2017). (6) To translocate Na™ back to the
root, ions unloaded from the xylem in the simplasm and apoplasm from leaf mesophyll cells may be transported into the phloem via HKT1;2 and HKT1;1 transporters
and Na™ is then transferred into roots via the phloem, preventing Na™ over-accumulation in leaves and flowers. (7) This Na* recirculation from aerial parts to roots is
further facilitated by ScHKTI;1 silencing in root phloem cells, which promotes phloem Na' unloading and subsequent transport to other root compartments or
extrusion back to the medium (results from this study). CS, casparian strip; SPC, stelar parenchyma cells; XPC, xylem parenchyma cells; PCC/PPC, phloem companion
cells/phloem parenchyma cells. Arrow thickness indicates the hypothetical dominance of the ion flux. Gene box size indicates the gene expression levels reported in
specific tissues (Asins et al., 2013; Jaime-Pérez et al., 2017).

negative impact on shoot growth under saline conditions. Tomato conditions; on the other hand, whereas hyperallelic AtHKTI;1 in roots
HKT1;2, whose role is analogous to that of other plant HKT1-like Na* primarily regulates the salt tolerance of the moderately salt-tolerant
transporters (Berthomieu et al., 2003; Sunarpi et al., 2005; Ren et al., wild-type accession Col-0 by reducing Na* translocation from roots to
2005; Davenport et al., 2007; Byrt et al., 2014; Kobayashi et al., 2017), is shoots (An et al., 2017). Although silencing ScHKT1,2 at the rootstock or
localised in the vascular system, including the xylem and phloem (Jai- scion caused a similar visible salt-hypersensitive phenotype in leaves
me-Pérez et al., 2017). This means that the SCHKT1;2 transporter in leaf and flowers as a result of Na® over-accumulation in these tissues,
xylem cells could be more involved in promoting Na™ uptake through silencing ScHKT1;2 at the scion had a more negative effect on shoot
the plasma membrane and its subsequent compartmentation through growth under saline conditions than at the rootstock (Figs. 2, 4 and 5,
other secondary Na* transporters to large mesophyll cell vacuoles from Suppl. Fig. S3). This more extreme salt-hypersensitive phenotype due to
growing/expanded leaves than in preventing Na™ translocation from ScHKT1;2 function loss in the aerial parts could be due to the sharp
roots to aerial parts (see Fig. 9, points 4 and 5). Similarly, reciprocal increase in Na * accumulation in the apoplast, which hyperosmotically
grafting experiments have revealed that a hyperallelic AtHKTI1;1 in affects the mesophyll cells of expanding leaves and flowers, causing
shoots determines the salt tolerance of salt-tolerant accession Tsu-1 by damage to these cells due to water leakage (physiological drought), as it
reducing floral Na® and by increasing fecundity under salt stress was proposed for the salt hypersensitivity Arabidopsis mutant sasl
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(Nublat et al., 2001). Hence, ScHKT1;2 function loss can also contribute
to Na' over-accumulation in the apoplast of expanded and young
growing leaves as well as flowers (Figs. 4 and 5, see Fig. 9, points 4, 5),
which showed symptoms of necrosis under long term salt treatment
(Suppl. Fig. S3), leading to a reduction in fruit yields (Fig. 7). These
results again confirm that Na™ transporter HKT1;2 protects flowers from
Na™ toxicity and mitigates the typical reduction in tomato fruit yields
under salinity conditions (Cuartero and Fernandez-Munoz, 1998), as
demonstrated in a previous study (Romero-Aranda et al., 2020).

Additionally, several studies have shown that the rate of recircula-
tion of Na™ to roots via the phloem is an important factor in limiting Na™
accumulation in leaves and plays a role in overall salt tolerance (Jacoby,
1979; Tester and Davenport, 2003; Tian et al., 2010, Wang et al., 2015).
To prevent its over-accumulation in shoots, Na™, which is sequestered in
leaf vacuoles, can also be loaded into the phloem by HKT1-like trans-
porters for transport back to the root (Van Zelm et al., 2020). Na™
over-accumulation in the apoplast of leaves and flowers in graft com-
binations with ScHKT1;2 silenced in the aerial part may also, to a great
extent, be the result of its possible additional role in Na* loading into
phloem sieves. The location of ScHKT1;2 in tomato phloem and xylem
cells in the aerial parts of the plant (Jaime Perez et al., 2017) suggests
that, together with xylem Na™ unloading, HKT1;2 could be involved in
Na' loading into the phloem sieves. Thus, silencing ScHKT1;2 might
prevent the recirculation of Na™ towards the root (see Fig. 9, point 6),
which, according to previous findings for AtHKT1;1, means that
ScHKT1;2 could be similarly involved in Na* redistribution towards sink
organs and tissues (Maser et al., 2002; Berthomieu et al., 2003; Sunarpi
et al., 2005).

Moderate salinity levels improve the quality of tomato fruits, whose
total soluble solids and antioxidant compounds typically increase under
these conditions (Cuartero et al., 2006; Magan et al., 2008; Klee and
Giovannoni, 2011). As expected, total soluble solids (°Brix) slightly
increased in graft combinations bearing h2 or h1-h2 in rootstock and/or
scion in fruits from plants grown under saline conditions, except h2/h2,
although this increase was slightly lower than in self-grafted Wt/Wt
(Fig. 8). This could be due to the smaller amounts of water in fruit, which
induces an increase in sugar concentrations (Romero-Aranda et al.,
2001). Similar results were obtained in a previous study using
non-grafted NIL14 (similar to Wt/Wt) and ScHKTI;2 silenced
throughout the plant (similar to h2/h2) (Romero-Aranda et al., 2020).
Antioxidant activity is associated with compounds such as phenolics,
which act through several chemical mechanisms to prevent oxidative
damage to plant tissues (Zhao et al., 2015). With regard to antioxidant
activity, only total phenolics increased in all graft combinations under
salinity conditions except for h2/h2. Although we did not measure ROS
production or Na™ content in fruits, the entry of Na T via the xylem due
to ScHKT1;2 silencing may increase ROS production in fruits and sub-
sequently antioxidant synthesis.

4.2. ScHKTI;1 function loss in rootstock sharply reduced the Na' /K"
ratio in leaves and flowers minimizing yield loss under salinity

In previous studies, we found that ScHKT1;1 silencing in a plant
subjected to 0 and 100 mM NacCl for 15 days did not significantly inhibit
growth or alter the Na™/K' ratio of plants grown under controlled
growth chamber conditions (Jaime-Pérez et al., 2017). We concluded
that the HKT1;1 gene, although expressed in the same type of vascular
cells as HKT1;2, appears to play a minor role in Na™ transport and
Na'/K" homeostasis in the aerial part of the plant (Jaime-Pérez et al.,
2017; see Fig. 9, point 5). However, in light of the new data obtained in
the present study, the role of HKTI1;1 needs to be reassessed. HKT1;1
expression levels are always much lower than those for HKT1;2, or even
negligible, irrespective of the allelic variant (cheesmaniae or lycopersi-
cum) and tissue studied (Asins et al., 2013; Almeida et al., 2014; Jai-
me-Pérez et al., 2017; http://bar.utoronto.ca/eplant_tomato/), although
ScHKTI;1 gene expression levels have been reported to be significantly
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higher in NIL14 leaves and roots than in those of NIL17 (Jaime-Pérez
et al., 2017). Moreover, data relating to HKT1,1 transcription levels in
NIL14 leaves suggest that, unlike S. lycopersicum, the HKTI;1 gene
expression of S. cheesmaniae in leaves is similar to that of
S. pimpinellifoliumin wild type species (http://bar.utoronto.ca/eplant
_tomato/). It is therefore important to determine whether HKT1;1 and
HKT1;2 loci play a similar role in all tissues, as well as the effects of
silencing at the HKT1;1 locus in the root alone or in the aerial part. Salt
treatment significantly reduced the growth of the aerial part in
self-grafted h1/h1, similar to that observed for non-silenced self-grafted
Wt/Wt (Fig. 3). However, h1/hl plants had lower Na' content and
higher K* content in the aerial part and flowers than in the self-grafted
Wt/Wt (Figs. 4 and 5) and no visible salt-sensitive symptoms (Suppl.
Fig. S3). Very similar results were obtained in a previous study carried
out under controlled growth chamber conditions using short-term salt
treatments (Jaime-Pérez et al., 2017), although, in the present study,
fruit yields were eventually reduced by salinity to levels similar to those
of Wt/Wt (Fig. 7). Moreover, unlike graft combination wt/hl and
self-grafted h1/h1 and Wt/Wt, h1/Wt, showed no significant differences
in fruit yield when comparing control and salinity (Fig. 7). However,
these combinations with ScHKT1;1-silenced lines used as rootstock and
scion showed a sharper increase in SSC and even more so in hl/Wt
(Fig. 8). It is therefore important to determine the actual role played by
ScHKT1;1 in Na*/K' homeostasis in tomato, given that its function loss
displays a similar plant performance under salinity conditions and im-
proves fruit quality measured as total soluble solids. As indicated in the
previous section, in order to reduce its accumulation in aerial parts, Na™,
which can be sequestered in leaf vacuoles, can also be loaded into the
phloem by HKT1-like transporters for transport back to the root (Van
Zelm et al., 2020). In a previous study, we obtained circumstantial ev-
idence showing that tomato HKT1;1 and/or HKT1;2 could be involved in
loading Na™ into the phloem sap in leaves and in unloading the sap in
sink organs such as fruits and roots (Asins et al., 2015). As indicated
above, the possible localization of HKT1;1 in phloem cells also suggests
that, in addition to unloading Na* in the xylem, however, ScHKTI;1
expression in roots was undetectable using an in situ PCR protocol
(Jaime-Pérez et al., 2017, see Fig. 9, points 6 and 7), probably due to its
extremely low levels in roots (Asins et al., 2013; Almeida et al., 2014).
Given the very low expression levels for ScCHKTI1;1 in all the tissues
analyzed as compared to those for ScHKT1;2 (Asins et al., 2013; Jai-
me-Pérez et al., 2017), the role of ScHKT1;1 in uploading Na™ to the
phloem in the aerial parts could be less important than that of SCHKT1;2
in order to determine Na™ recirculation from the aerial parts to the roots
(see Fig. 9, point 6). Graft plant combinations bearing silenced ScHKT1;1
(h1/Wt, h1/h1 and Wt/h1) display normal ScHKT1;2 expression levels
in both roots and aerial parts (Fig. 2). Surprisingly, ScHKT1;1 silencing
could therefore be involved in Na * exclusion in leaves (Fig. 4) through
different mechanisms. These include unloading Na® in the xylem in
roots and aerial parts via SCHKT1;2 combined with uploading Na™ to
phloem cells in the aerial part through the normal transport function of
ScHKT1;1 and particularly ScHKT1;2, as well as the uploading of Na™ to
the phloem in roots (see Fig. 9, points 5 and 6). Regardless of the
mechanisms underlying phloem loading which connects phloem pa-
renchyma to companion cells/sieve elements (Wei et al., 2021), we
hypothesize that ScHKT1;1, and above all, ScHKT1;2 in the aerial parts
are involved in the recirculation of Na® to roots, thus limiting its
accumulation in leaves and flowers (see Fig. 9, point 6). Na™ recircu-
lation from aerial parts to roots could also be favoured by ScHKTI;1
silencing in root phloem cells, which would facilitate phloem Na™
unloading and subsequent transport to other root compartments or
extrusion back to the medium (see Fig. 9, point 7). More precise sub-
cellular and cellular localization assays would provide further insights
into the role of HKT1;1 and HKT1;2 in Na* homeostasis in tomato under
salinity conditions.

In conclusion, the results obtained in this study indicate that the
removal of Na™ from the xylem by ScHKT1;2 in the aerial part of the
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plant could have an even greater impact than that on Na™ homeostasis at
the root level under saline conditions. Our results suggest that, in
addition to xylem Na™ unloading, ScCHKT1;2 could also be involved in
Na™' uploading into the phloem, thus promoting Na™ recirculation from
aerial parts to roots. This recirculation of Na® to roots through the
phloem could be additionally favoured by ScHKTI;1 silencing at the
roots. Appropriate rootstocks are well known to enhance the salt toler-
ance of commercial tomato cultivars by limiting the transport of Na™
and Cl™ to shoots (Santa-Cruz et al., 2002; Cantero-Navarro et al., 2016).
The use of tomato grafting is considered a suitable approach to improve
salt tolerance, with grafted plants being widely used in greenhouse to-
mato production in the Mediterranean region (Singh et al., 2020). In
light of our findings, the ScHKTI;1 silenced line could be used as a
rootstock prototype in order to maintain fruit yield levels and to enhance
the soluble solid fruit content of commercial tomato varieties grafted
under saline conditions, which has not yet been evaluated. If deemed
useful, given current European constraints on GMO use in agriculture,
following genetic editing to knock on/out the ScHKT1;1 gene, and final
approval as a non-GMO plant breeding technique (Gao, 2021), this
rootstock could be used in a tomato salt tolerance strategy.
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