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Glc regulates many vital processes, including plant growth, development, metabolism, and responses to biotic and abiotic stress.
However, the molecular mechanism by which Glc acts as a signal to regulate salinity tolerance remains unclear. In this study, we found
that the apple (Malus domestica Borkh.) Glc sensor hexokinase1 (MdHXK1) contributes to Glc-mediated salinity tolerance. A combination
of split ubiquitin system, pull-down, co-immunoprecipitation, and bimolecular fluorescence complementation assays demonstrated that
MdHXK1 interacts with and phosphorylates the Na+/H+ exchanger MdNHX1 at its Ser-275 residue. Phosphorylation improved the
stability of MdNHX1 and enhanced its Na+/H+ transport activity in MdNHX1 overexpression transgenic apple and yeast
complementation cells. Furthermore, Ser-275 of MdNHX1 was found to be crucial for MdHXK1-mediated phosphorylation. Finally,
a series of transgenic analyses demonstrated that salt tolerance mediated by MdHXK1 partially depended on MdNHX1. Overall, our
findings provide insights into how sugar recruits and regulates MdNHX1 in response to high salinity in plants.

Sugars are a primary energy source in plants and
influence almost all stages of the plant lifecycle, in-
cluding seeding germination, photosynthesis, flower
growth and pigmentation, fruit development, and se-
nescence (Ohto et al., 2001). Sugar and energy status
mediate metabolic, environmental, and developmental
cues pertaining to physiological and developmental
plasticity. In response to external abiotic stresses, sug-
ars regulate osmotic potential by providing osmotic
driving force for cell expansion and act as signaling
molecules to regulate gene expression (Moore et al.,
2003; Rolland et al., 2006; Rosa et al., 2009).

Abiotic stresses such as drought, salinity, low tem-
perature, and flooding usually lead to sugar accumula-
tion (Krasensky and Jonak, 2012). It has been reported
that the accumulation of Glc, Suc, and Fru under high

salinity plays a very important role in carbon storage,
osmotic regulation, and homeostasis, as well as scav-
enging of free radicals (Singh et al., 2015). ExogenousGlc
application delimits chlorophyll destruction, increases
dry weight, maintains ionic homeostasis, enhances Pro
accumulation, prevents water loss, inhibits lipid perox-
idation, and activates antioxidant enzyme activity (Hu
et al., 2012). In rice (Oryza sativa), Glc and Fru are in-
volved in maintaining osmotic potential and scavenging
free radicals (Pattanagul and Thitisaksakul, 2008). Fur-
thermore, soluble sugars are also involved in ROS
anabolism and catabolism, such as the oxidative pentose
P pathway associated with ROS scavenging (Couée
et al., 2006). In wheat (Triticum) seedlings, exogenous
application of Glc delimits Na+ accumulation but stim-
ulates K+ uptake under salt stress, thusmaintaining ionic
homeostasis under salinity stress (Nemati et al., 2011).

Soluble sugars can be sensed to transduce specific
signaling pathways and to elicit sugar responses in
plant growth and metabolism (Rolland et al., 2006). Suc
and hexoses (mainly Glc and Fru) are recognized as
primary messengers that control sugar signaling by
regulating the expression of different genes and en-
zyme activities (Rosa et al., 2009). Unfavorable envi-
ronmental factors sponsor metabolic changes, which
lead to an expressional change of several carbohydrate
metabolism genes, including ADP-Glc pyrophosphor-
ylase in starch biosynthesis, Suc synthase, Suc P syn-
thase, and invertase in Suc metabolism (Mita et al.,
1995; Ohto et al., 1995; Toroser and Huber, 1997). In
addition, expression of the Arabidopsis (Arabidopsis
thaliana) bZIP transcription factor gene ATB2 is sup-
pressed by Suc-specific signaling pathways (Rook et al.,
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1998). When Glc levels exceed their demand, a-amylase
gene expression is down-regulated by a process that
involves sugar sensing (Yu et al., 1996).

Furthermore, the sugar signaling pathway often com-
municates between stresses and plant hormones
(Gazzarrini and McCourt, 2001). For example, ABA in-
hibitory effects on seed germination can be relieved by
exogenous application of a low concentration of Glc
(Finkelstein and Lynch, 2000). However, a high concen-
tration of Glc increases ABA accumulation, thereby
resulting in seed germination delay (Arenas-Huertero
et al., 2000; Gill et al., 2003). Water stress also causes a
noticeable accumulation of hexoses, which inhibits the
activity of cell wall invertase in maize (Zea mays) ovaries
but increases the activity of vacuolar invertase in mature
leaves (Zinselmeier et al., 1995). Biotic and abiotic stresses
such as pathogen infection and salt stress always result in
an up-regulation of extracellular invertase (Roitsch et al.,
2003). Higher accumulation of soluble sugars in roots
makes mycorrhizal plants more resistant to salt-induced
osmotic stress (Feng et al., 2002). Elevating trehalose ac-
cumulation by either internal overproduction or acquisi-
tion from an exogenous trehalose supply is sufficient to
improve the plants tolerance to drought and salt stress
(Redillas et al., 2012). In summary, sugar signaling is in-
volved in the regulation of plant growth and develop-
ment, as well as biotic and abiotic stress responses.
However, the exactmolecularmechanismbywhich sugar
signal influences these processes is unclear.

Among the various sugars, Glc is one of the main
products of photosynthesis and iswidely recognized as a
signal molecule that regulates plant growth and devel-
opment (Gibson, 2005; Lastdrager et al., 2014). In many
organisms, hexokinases (HXKs) are considered as the
most ancient, conserved sugar sensor (Claeyssen and
Rivoal, 2007). Currently, the Arabidopsis AtHXK1 is the
best characterized Glc sensor in plants (Rolland and
Sheen, 2005). Its sensor function was identified by loss-
of-function mutant Glc insensitive2 (gin2) in Arabidopsis
(Moore et al., 2003). In addition,HXK1 is also reported to
be involved in different abiotic and biotic stress toler-
ances. For example, virus-induced gene silencing of
HXK1 results in apoptotic cell death in leaves, indicating
that HXK1 depletion activates programmed cell death
(Kim et al., 2006). Overexpression of Arabidopsis HXK1
or HXK2 enhances tolerance to MV-induced oxidative
stress and pathogen infection (Sarowar et al., 2008). The
HXK1 deletion strain Δhxk in Fusarium verticillioides im-
pairs utilization of hexose sugars and reduced osmotic
stress tolerance (Kim et al., 2011).

In Arabidopsis, hexokinase1 (HXK1) is a dual-
function enzyme localized to both the cytosol and nu-
cleus. It carries out catalytic activity in the glycolytic
pathway and also functions in the sugar sensing and
signaling pathways (Cho et al., 2006; Cheng et al., 2011).
HXK1 mutations (AtHXK1S177A and AtHXK1G104D) with
little or no catalytic activity have been shown tomediate
diverse Glc responses (Harrington and Bush, 2003).
Furthermore, the HXKs localize to the nucleus and can
modulate specific target gene transcription independent

of Glc metabolism (Cho et al., 2006). Most recently, we
report that apple MdHXK1 interacts with and phos-
phorylates MdbHLH3 to promote anthocyanin accu-
mulation (Hu et al., 2016). However, it remains unclear if
and how HXK-mediated Glc signaling is involved dur-
ing plant salt stress responses.

In this study, we report that exogenous Glc applica-
tion improved salt tolerance, and this process depen-
ded on Glc sensorMdHXK1. Furthermore, it was found
that a tonoplast-localized Na+/H+ exchanger MdNHX1
interacted with MdHXK1 and acted as its phosphoryl-
ation target. Subsequently, the function of MdHXK1
and MdNHX1 in response to salt stress was character-
ized. Finally, the relationship between sugar signaling
and abiotic stress was also discussed.

RESULTS

Glc Improves Salt Tolerance in an HXK-
Dependent Manner

To detect if exogenous application of Glc influences
salt tolerance, apple ‘Gala’ plantlets were allowed to
grow on normal medium for 3 weeks and then trans-
ferred to medium containing 200 mM NaCl alone or
200 mM NaCl plus different concentrations of Glc (1%,
2%, 4%, 6%,w/v) for 14 d. The result demonstrated that
Glc application noticeably enhanced the tolerance of
plantlets to salt stress. Plantlets exhibited the greatest
salt tolerance when 4% Glc was used (Fig. 1A), and
produced the lowest malondialdehyde (MDA) and
H2O2 contents under salt stress (Fig. 1, B and C).
Meanwhile, 4%(w/v) mannitol was used in a separate
treatment as a control for the possible osmotic effect
caused by 4% Glc (Supplemental Fig. S1).

To determine if a Glc sensor and the key metabolic
enzyme HXK mediates this process, HXK inhibitor glu-
cosamine was added to the medium with 4% Glc and
200 mM NaCl (Zheng et al., 2009). The result indicated
that glucosamine treatment reduced salt tolerance, in-
dicated by enhanced plantlet damage and MDA and
H2O2 content increases comparedwith plantlets exposed
to 4% Glc and 200 mM NaCl (Fig. 1). These results
demonstrated that exogenous Glc improved salt toler-
ance at least partially in an HXK-dependent manner.

The apple MdHXK1 gene encodes a hexokinase (Hu
et al., 2016). Its expression was positively induced by Glc
treatment (Supplemental Fig. S2A) and MdHXK1 is re-
quired for Glc-mediated enhancement of salt tolerance
(Supplemental Fig. S3). Moreover, MdHXK1 improved
salt tolerance depending on both catalytic activity and
signaling function under low-Glc conditions, but mainly
in the signaling pathway under high-Glc conditions
(Supplemental Fig. S4).

MdHXK1 interacts with MdNHX1

To reveal the regulatory mechanism by which
MdHXK1 is involved in salt tolerance, possible
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MdHXK1-interacting proteins were screened through
by liquid chromatography/mass spectrometry (LC/
MS; Hu et al., 2016). The 35S::MdHXK1-Myc vector was
constructed and used for genetic transformation of
apple plants. Total proteins were extracted from
MdHXK1 transgenic apple plants, then used for coim-
munoprecipitation (Co-IP) against the monoclonal anti-
Myc antibody. LC/MS analysis showed that a salt
tolerance-associated Na+/H+ exchanger was a candi-
date. Phylogenetic tree analysis showed that the puta-
tive Na+/H+ exchanger closely clusteredwith AtNHX1,
thereby being named as “MdNHX1” hereafter
(Supplemental Fig. S5). Expression analysis demon-
strated thatMdNHX1 transcripts increased with 4%Glc
treatment (Supplemental Fig. S2B).
The split-ubiquitinmembrane-based yeast two-hybrid

system was used to confirm the interaction between
MdHXK1 and membrane protein MdNHX1. The result
showed that MdHXK1 interacted with MdNHX1 (Fig.
2A). MdHXK1 contains two hexokinase domains Hex-
okinase_1 and Hexokinase_2, whereas MdNHX1 con-
tains a short N terminus, a Na_H_Exchanger domain,
and a long C terminus. It was found that the

Na_H_Exchanger domain of MdNHX1 and the Hexo-
kinase_2 domain of MdHXK1 are crucial for their in-
teraction (Fig. 2A).

co-immunoprecipitation(Co-IP) assay was performed
to verify if MdHXK1 interacts with MdNHX1 in vivo.
First, a 35S::MdHXK1-GUS vector was constructed and
used for genetic transformation into apple calli. Then, 35S::
MdHXK1-GUS transgenic apple calli was transformed
with 35S::Myc or 35S::MdNHX1-Myc to generate 35S::
MdHXK1-GUS/35S::Myc or 35S::MdHXK1-GUS/35S::
MdNHX1-Myc coexpressed apple calli. Two double
transgenic calli were used for Co-IP assays. The result
showed that the MdNHX1-Myc fusion protein but not
Myc coimmunoprecipitated by anti-GUS antibody (Fig.
2B). To confirm the in vitro interaction betweenMdHXK1
and MdNHX1, an affinity pull-down assay was carried
out using His-labeled MdNHX1. It was incubated with
GST-labeled MdHXK1 protein or GST alone. GST-labeled
MdHXK1 protein but not GST alone was pulled down by
an anti-His antibody, demonstrating that MdHXK1
physically interacted with MdNHX1 in vitro (Fig. 2C).
Furthermore, a bimolecular fluorescence complementa-
tion (BiFC) assay demonstrated that MdHXK1-MdNHX1

Figure 1 Glc improves salt tolerance of ‘Gala’ apple plantlets. A, Salt tolerance of apple plantlets in the presence of 0mM NaCl,
200 mM NaCl, or 200 mM NaCl plus Glc at different concentrations of 200 mM NaCl plus 4% (w/v) and 100 mM glucosamine. B
and C,MDA (B) andH2O2(C) contents of apple plantlets treated as in (A). Each value represents themean6 SD from three separate
experiments. Statistical significance was determined and compared to the control value using Student’s t test. n.s., P . 0.01; *,
P , 0.01; **, P , 0.001.
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interaction occurred on the tonoplast of tobacco epidermal
cells (Fig. 2D). These results collectively indicated that
MdHXK1 interacted with MdNHX1 in vitro and in vivo.

MdHXK1 Phosphorylates MdNHX1 Protein at Ser-275

Because MdHXK1 interacted with MdNHX1, it is
reasonable to hypothesize that MdHXK1 may act as a
protein kinase to phosphorylate MdNHX1. To verify
this hypothesis, in vitro phosphorylation assays were
performed using recombinant proteins MdNHX1-GST
and MdHXK1-His to examine if MdNHX1 is a direct
substrate of MdHXK1. The result showed that the
MdNHX1-GST fusion was phosphorylated by
MdHXK1-His (Fig. 3A), indicating that MdNHX1 pro-
tein is a direct substrate of MdHXK1 protein kinase.

Furthermore, 35S::MdNHX1-Myc transgenic apple
calli were treated with or without 4% Glc and used for
western blotting with a Myc antibody. The result
showed that a large band appeared in 35S::MdNHX1-

Myc transgenic apple calli upon 4% Glc treatment, in-
dicating that Glc induced posttranslational modifica-
tion for MdNHX1 (Fig. 3B). After treatment with calf
intestine alkaline phosphatase (CIP), however, the large
band disappeared, indicating thatMdNHX1 undergoes
posttranslational modification by phosphorylation
(Fig. 3B).

To identify the phosphorylation sites of MdNHX1,
total proteins were extracted from 35S::MdNHX1-Myc
transgenic calli treated with 4% Glc. The liquid
chromatography-tandem mass spectrometry (LC-MS/
MS) analysis showed residue Ser at 275 site (Ser-275)
was identified as a putative phosphorylation site
(Supplemental Fig. S6). A monoclonal antibody
against MdNHX1 phosphorylation site at this Ser-275
residue was made and named as the anti-MdNHX1S275

antibody. It successfully detected phosphorylated
MdNHX1 in the wild-type calli and both phosphory-
lated MdNHX1 and MdNHX1-Myc in MdNHX1-Myc
transgenic calli (Fig. 3C). Furthermore, CIP treatment
abolished phosphorylation modification of MdNHX1

Figure 2 MdHXK1 interacts with MdNHX1 in vivo and in vitro. A, Split-ubiquitin membrane-based yeast two-hybrid assays for
interaction betweenMdHXK1 andMdNHX1. The hexokinase_2 domain of MdHXK1 and Na_H_Exchanger domain of MdNHX1
are crucial for their interaction. B, Interaction betweenMdHXK1 andMdNHX1proteins in vivo. Total protein extracted from 35S::
MdHXK1-GUS + 35S::MdNHX1-Myc or 35S::MdHXK1-GUS + 35S::Myc double transgenic apple calli were immunoprecipi-
tated with anti-Myc. The proteins from crude lysates (input) were detected with anti-GUS antibody and anti-Myc antibody. The
immunoprecipitated proteins (output) were detected with anti-GUS antibody. C, Interaction between MdHXK1 and MdNHX1
proteins in vitro. MdNHX1-His proteins were incubated with immobilized MdHXK1-GST or GST, and the proteins immuno-
precipitated with His-beads were detected using anti-GST antibody. D, BiFC analysis of the interaction between MdHXK1 and
MdNHX1 in N. benthamiana. Arabidopsis CBL3 was fused to RFP and used as a vacuole-located marker. Scale bars represent
50 mm.
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and MdNHX1-Myc proteins (Fig. 3C). In addition, it
was found that the phosphorylation level of MdNHX1
protein was enhancedwith Glc treatment duration (Fig.
3D).
To determine whether Ser-275 is essential for Glc-

induced phosphorylation of MdNHX1, it was artifi-
cially mutated to Ala. Expression vector 35S::
MdNHX1S275A-Myc was constructed and transformed
into apple calli. The resultant transgenic calli 35S::
MdNHX1S275A-Myc, together with 35S::MdNHX1-Myc,
were then used to detect phosphorylation modification

for MdNHX1 protein using an anti-MdNHX1S275-spe-
cific antibody. The result showed that the Ser-275-to-
Ala-275 mutation completely abolished modification
of MdNHX1S275A-Myc protein, but did not influence
MdNHX1 phosphorylation (Fig. 3E), indicating Ser-275
is a crucial target for Glc-induced phosphorylation of
MdNHX1.

Subsequently, western blotting with a phospho-
specific anti-MdNHX1S275 antibody was performed
using the wild-type control, 35S::MdHXK1, and 35S::
antiMdHXK1 transgenic apple calli treated with Glc

Figure 3 MdHXK1 mediates phosphorylation of MdNHX1 in response to Glc. A, In vitro phosphorylation assay of MdNHX1 by
protein kinase MdHXK1. SDS-PAGE gel with Coomassie Blue-stained MdHXK1-His, MdNHX1-GST proteins (bottom panel);
autoradiograph showing MdNHX1 phosphorylation by MdHXK1 (top panel, top band) and MdHXK1 autophosphorylation (top
panel, bottom bands). B, Gel-shift assay using 35S::MdNHX1-Myc transgenic apple calli. Two-week-old 35S::MdNHX1-Myc
apple calli were treatedwith 4%(w/v) Glc or together with CIP for 1 h.MdNHX1-Myc proteinwas extracted and then subjected to
immunoblot analysis using a Myc antibody. C, Western blot detected phosphorylation of MdNHX1 protein in the wild-type and
35S::MdNHX1-Myc transgenic calli using a specific anti-MdNHX1S275 antibody against MdNHX1 phosphorylation site at residue
275. D, Glc-induced phosphorylation of MdNHX1 depends on Glc treatment time. The wild-type apple calli were treated with
4% Glc for different times (0 min, 20 min, 40 min, or 60 min). E, The Glc-induced phosphorylation of MdNHX1 disappeared in
MdNHX1S275A-Myc transgenic apple calli using anti-MdNHX1S275 antibody. F and G, MdHXK1 was required for Glc-induced
phosphorylation of MdNHX1.Western blot detected the phosphorylation of MdNHX1 in the wild-type, 35S::MdHXK1-Myc, and
35S::anti-MdHXK1 transgenic calli using anti-MdNHX1S275 antibody (F). Western blot detected the phosphorylation of MdNHX1
in 35S::MdNHX1-Myc and 35S::MdNHX1-Myc+35S::anti-MdHXK1 transgenic calli using anti-MdNHX1S275 antibody (G). For
western-blot assays, actin was used as a loading control to ensure identity in the amounts of protein.
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(Supplemental Fig. S7). The result showed that phos-
phorylation levels of MdNHX1 were higher in 35S::
MdHXK1-overexpressing calli, and lower in 35S::
antiMdHXK1 calli, compared to the wild-type control
(Fig. 3F). Meanwhile, calli coexpressing 35S::MdNHX1-
Myc + 35S::antiMdHXK1 were obtained and used to
detect the phosphorylation level of MdNHX1. The re-
sult showed that the phosphorylation modification
disappeared when MdHXK1 expression was sup-
pressed (Fig. 3G).

MdHXK1 Enhances Stability and Transport Activity of
MdNHX1 Protein

To examine if MdHXK1 affects the stability of
MdNHX1 protein, cell-free degradation assays were
performed by incubating recombinant proteins
MdNHX1-GST and MdNHX1S275A-GST with total pro-
teins extracted from MdHXK1 overexpression (35S::
MdHXK1-GFP) and suppression (35S::anti-MdHXK1)
transgenic calli, respectively. MdNHX1-GST degraded
much more slowly in protein extracts of 35::MdHXK1-
GFP calli but faster in those of 35S::anti-MdHXK1 apple
calli than in the control protein samples extracted from
35S::GFP (Fig. 4, A and B), indicating that MdHXK1
promoted protein stability for MdNHX1. In contrast,
MdNHX1S275A-GST protein degraded much faster than
MdNHX1-GST in protein samples extracted from 35::
MdHXK1-GFP calli (Fig. 4, A and B). These data indi-
cated that MdHXK1 promoted protein stability for
MdNHX1 and that Ser-275 played an important role in
this process. In addition, MG132 treatment noticeably
inhibited degradation of MdNHX1 (Fig. 4, A and B).

Subsequently, a protoplast transient expression assay
was performed to examine if MdHXK1 influences the
transport activity of MdNHX1. First, two kinds of
MdNHX1 transgenic apple calli, i.e. 35S::MdNHX1 and
35S::MdNHX1S275A, were obtained. Then, the sense
overexpression vector (35S::MdHXK1) and the anti-
sense suppression vector (35S::anti-MdHXK1) were
transformed into protoplasts of 35S::MdNHX1 and
35S::MdNHX1S275A transgenic calli, respectively.
Vacuolar membrane proteins were isolated to measure
Na+/H+ exchanger activity. The result demonstrated
that MdHXK1 overexpression increased Na+/H+ ex-
changer activity of 35S::MdNHX1 transgenic proto-
plasts upon 4% Glc treatment. When MdHXK1 was
suppressed in 35S::MdNHX1 transgenic protoplast,
however, Na+/H+ exchanger activity was not enhanced
with Glc treatment. Additionally, when the phosphoryl-
ation site ofMdNHX1wasmutated, expression change of
MdHXK1 gene failed to influence Na+/H+ exchanger ac-
tivity of 35S::MdNHX1S275A transgenic protoplasts
(Fig. 4C), indicating that the phosphorylation site Ser-275
was important for this process. These results suggested
that MdHXK1 improved Na+/H+ exchanger activity of
MdNHX1 by phosphorylating it at Ser-275.

To further confirm that MdHXK1-mediated phos-
phorylation of MdNHX1 contributes to improved salt

tolerance, the yeast mutant strain YDR456W bearing a
disrupted endogenous sodium transporter NHA1
(nhx1) was used. MdNHX1, MdNHX1S275A, MdHXK1,
and their combinations were genetically transformed
into strain YDR456W. Under control conditions with-
out salt stress, all yeast cells tested normally grew on
selective Hartwell’s complete (SCU) solid mediumwith
Glc (Fig. 5A). When shifted to NaCl-containing me-
dium, however, YDR456W cells transformed with
empty vector pYES2 were sensitive to 200 mM NaCl,
whereas YDR456W cells transformed with MdNHX1-
pYES2 exhibited recovery growth (Fig. 5A). In addition,
MdHXK1-pYES2 was genetically transformed into
MdNHX1 complementary transformants. The resultant
double transgenic yeast cells exhibited the best growth
among all kinds of cells tested (Fig. 5B). Furthermore,
MdHXK1- and MdNHX1-coexpressed yeast cells
exhibited higher Na+/H+ transport activity than the
wild-type and MdNHX1 complementary cells growing
in NaCl-containing liquid medium for 48 h (Fig. 5C). In
addition, it was found that the salt sensitivity of
YDR456W yeast cells was also rescued by a transfor-
mation with MdNHX1S275A-pYES2, but transformation
of MdHXK1 into a MdNHX1S275A complementary
strain failed to further improve salt tolerance. As con-
trols, all yeast cells tested showed similar growth under
conditions with 200 mM KCl treatment.

MdHXK1 Improves Salt Tolerance At Least Partially in an
MdNHX1-Dependent Manner

To verify the function of MdHXK1 in salt tolerance,
35S::MdHXK1 and 35S::anti-MdHXK1 apple calli were
treated with 100 mM NaCl. The result showed that 35S::
MdHXK1 transgenic calli exhibited higher salt toler-
ance, whereas 35S::anti-MdHXK1 showed lower salt
tolerance compared to the wild-type control. To inves-
tigate whether MdHXK1-mediated salt tolerance
depends on MdNHX1, a suppression vector 35S::anti-
MdNHX1 was genetically transformed into 35S::
MdHXK1 transgenic calli. The resultant double trans-
genic calli 35S::MdHXK1/35S::anti-MdNHX1 were
treated with high salinity. The result showed that 35S::
MdHXK1/35S::anti-MdNHX1 double transgenic calli
were more sensitive to salt stress than 35S::MdHXK1
calli (Supplemental Fig. S8).

To further characterize its function in salt tolerance in
planta,MdHXK1was inserted into the pCXMyc-P plant
expression vector downstream of CaMV 35S promoter
to be fused with a Myc tag. The resultant expression
vector was then genetically transformed into apple
culitvar ‘Gala’. Five independent transgenic lines were
obtained. Quantitative real-time PCR (qRT-PCR) anal-
ysis showed that transcript levels of three transgenic
lines (MdHXK1-1/2/5) produced many more
MdHXK1 transcripts than the ‘Gala’ control and were
chosen for further investigation (Supplemental Fig. S9).
Western blotting using a Myc antibody indicated that
MdHXK1-Myc was detected in the transgenic plants
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(Fig. 6A). Three transgenic lines showed higher salt
tolerance and accumulated less MDA and H2O2 under
NaCl treatment than the wild-type control (Fig. 6, B to
D). Subsequently, vacuolar membrane proteins were
isolated from leaf and root, respectively, and used to
detect Na+/H+ exchanger activity. The result showed
that three transgenic lines showedmuch higher Na+/H+

exchanger activity than the wild-type control both in
root and shoot (Fig. 6E). Meanwhile, it was found that
root Na+ content was higher, whereas shoot Na+ content
lower, in three transgenic lines compared to the wild-
type control (Fig. 6F). Furthermore, root protoplasts
were used for CoroNa Green fluorescent dye (Thermo
Fisher Scientific) to detect Na+ accumulation in root
cells. The result showed that strong fluorescence was
observed in the cytosol of wild-type proto-
plasts, whereas transgenic protoplasts showed strong

fluorescence in the vacuole of (Fig. 6G), indicating that
MdHXK1 overexpression promoted Na+ accumulation
in the vacuole.

To examine if MdNHX1 is required for MdHXK1
function in salt tolerance, Agrobacterium rhizogenes
MSU440 containing a specific antisense MdNHX1
fragment was used to quickly induce regeneration of
MdNXK1-silenced hairy roots in two MdHXK1 trans-
genic lines (MdHXK1-1/5).The successfully trans-
formed roots were distinguished by their exogenously
expressed red fluorescence protein (RFP). Strong RFP
signal was observed in transformant roots, demon-
strating that the suppression vector with the MdNHX1
gene was successfully transformed and functional in
hairy roots (Supplemental Fig. S10). As a result, chi-
meric transgenic plants MdHXK1-3shoot/(MdHXK1-3
+anti-MdNHX1)root and MdHXK1-5shoot/(MdHXK1-5

Figure 4 MdHXK1 improves stability and Na+/H+ exchanger activity of MdNHX1. A, Cell-free degradation assay of recombinant
protein MdNHX1-GST or MdNHX1S275A-GST in the protein extract of transgenic apple calli as labeled. Protein samples of each
transgenic apple calli were extracted in degradation buffer. The levels of MdNHX1-GSTor MdNHX1S275A-GSTwere visualized by
immunoblotting using an anti-GSTantibody. B, Quantification of MdNHX1-GST protein or MdNHX1S275A-GST levels as in (A). C,
Na+/H+ exchanger activity of vacuolar membrane proteins in 35S::MdNHX1 and 35S::MdNHX1S275A transgenic calli after
transformation with 35S::MdHXK1 or anti-MdHXK1-RT vector. Each value represents the mean 6 SD from three separate ex-
periments. n.s., P . 0.01; *, P , 0.01; **, P , 0.001.
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+anti-MdNHX1)root were obtained. They exhibited
MdHXK1 overexpression in shoot and MdHXK1 over-
expression plus MdNHX1 suppression in root. Subse-
quently, the wild-type, two MdHXK1 transgenic lines
(MdHXK1-1/5), and two chimeric transgenic plants
were treated with 200 mM NaCl for 2 weeks. MdNHX1
suppression in the root reduced salt tolerance of
MdHXK1 transgenic lines (indicated by wrinkled
leaves), increased MDA and H2O2, and decreased Na+

content (Fig. 7, A to D). Confocal imaging using Co-
roNa Green fluorescent dye demonstrated that two
chimeric transgenic plants accumulated less Na+ than
MdHXK1-1 and MdHXK1-5 transgenic plants in their
roots (Fig. 7, E and F). Furthermore, the protoplasts
were isolated for CoroNa Green fluorescent dye anal-
ysis. The result showed that a strong fluorescence signal
was observed in the vacuole of MdHXK1 transgenic
root, indicating intracellular Na+ was mainly trans-
ported and accumulated in the vacuole. However,
when MdNHX1 expression was suppressed, fluores-
cence signal was observedmainly in the cytoplasm (Fig.
7G).

A transient expression method using leaf showed the
same result (Supplemental Fig. S11). These findings

indicate that MdHXK1 promotes Na+ accumulation in
the vacuole and enhances salt tolerance at least partially
in a MdNHX1-dependent manner.

DISCUSSION

High salinity in soils severely affects crop quality and
production. Here, it was found that Glc improved salt
tolerance, which is mediated by a regulatory module com-
posed of a Glc sensor MdHXK1 and a vacuolar Na+/H+

transporter MdNHX1. Our findings shed light on
how plant cells enhance salt tolerance by improving
their ability to sequestrate more Na+ into the vacuole in
response to a Glc signal.

In addition toworking as an energymaterial, osmotic
protectant, and synthetic substrate for various com-
pounds, Glc also acts as a direct and central signaling
molecule in plants. It has emerged as a key regulator of
many vital processes by Glc sensing and signaling
mechanisms. The specific function of hexokinase1
(HXK1) in the plant Glc-signaling network is defined by
loss-of-function mutant gin2 in Arabidopsis (Rolland
et al., 2006). Arabidopsis HXK1 is found to mediate

Figure 5 MdHXK1 improves salt tolerance in yeast. A, MdHXK1 enhances salt tolerance of transgenic yeast cells expressing
MdNHX1, but not MdNHX1S275A. Yeast cells of wild-type, mutant (nhx1), and recombinant strains were grown under the same
concentration (OD value = 1) in SCU medium containing 4% (w/v) Glc. Two microliters of serial decimal dilutions were spotted
onto plates of SCU medium supplemented with 0 mM NaCl (CK), 200 mM NaCl, and 200 mM KCl as indicated. Plates were in-
cubated at 28°C for 4 d. B, The growth curve of each of the yeast cells in (A) under 0mM to 500mMNaCl treatment. C, TheNa+/H+

transport activity of each of the transgenic yeast cells. The results were analyzed statistically using the two-tailed Student’s t test.
Values are themean of three replicates. Statistical significance was determined and compared to the control value using Student’s
t test. n.s., P. 0.01; *, P, 0.01; **, P, 0.001. nhx1, mutant strain transformedwith plasmid pYES2 empty vector;WT, wild-type
strain transformedwith plasmid pYES2 empty vector; nha1+MdNHX1,mutant strain transformedwith plasmid pYES2-MdNHX1;
nha1 + MdNHX1+ MdHXK1, mutant strain transformed with pYES2-MdNHX1 and pYES2-MdHXK1.
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multiple functions in Glc repression and Glc promotion
of transcription and growth. It has been documented
that sugar signals including Glc appear to positively
modulate salt and osmotic-stress responsive regulation
of ABA biosynthesis and signaling (Gazzarrini and
McCourt, 2001; León and Sheen, 2003). In this study, it
was found that 4% exogenous Glc improved high sa-
linity tolerance in apple (Fig. 1). HXK inhibitor gluco-
samine andMdHXK1-TRV infection demonstrated that
Glc-mediated improvement of salt tolerance is depen-
dent at least partially, if not completely, on the activity
of MdHXK1 (Fig. 1; Supplemental Fig. S3).
HXK is a bifunctional protein possessing metabolic

and signaling functions (Harrington and Bush, 2003).
As is well known, amino acid residues G104 and S177
are crucial for its metabolic function. Both in Arabi-
dopsis and apple, mutations to two key residues, i.e.
G104D and S177A, were obtained. Two mutants suc-
cessfully abolish the Glc phosphorylation activity but
retain signaling functions. They exhibit a similar Glc
signaling function as the wild-type HXK1 in coordi-
nating nutrient, light, and hormonal signaling
(Gazzarrini and McCourt, 2001; Rolland et al., 2006),
demonstrating that Glc signaling is uncoupled fromGlc
metabolism. HXK catalyzes the first step of hexose
metabolism (Claeyssen and Rivoal, 2007). Under unfa-
vorable growth conditions, plants must change their
metabolic processes to produce more sugars or sugar-
deprived compounds to maintain proper energy and

osmotic levels for countering stress (Hasegawa et al.,
2000). Under low-Glc (i.e. 1% in this study) conditions,
plants must produce more Glc to meet the preliminary
requirement for survival under normal and stress con-
ditions. Therefore, S177A and G104D mutations de-
creased salt tolerance due to their reduced metabolic
activity (Supplemental Fig. S4). In contrast, they failed
to influence salt tolerance under high-Glc (4%) condi-
tions. In our previous report, it is also found that Glc-
induced anthocyanin accumulation ismediated by both
Glc signaling and metabolic functions of MdHXK1 (Hu
et al., 2016). Taken together, our findings indicate that
HXK1 mainly functions as an enzyme hexokinase to
provide biosynthetic substrates and energy for plants
via metabolic pathways under Glc-limited conditions,
while also functioning as a Glc sensor in various pro-
cesses such as anthocyanin biosynthesis and salinity
response via a signaling pathway under Glc sufficient
conditions.

In plants, HXK1 is the most ancient and evolution-
arily conserved sugar sensor. Generally, upon sensing
changing Glc levels, HXK1 transmits a signal to the
nucleus and controls the expression of Glc-responsive
genes (Rolland et al., 2001; Rolland and Sheen, 2005). In
Arabidopsis, AtHXK1 forms a core complex with two
HXK1 unconventional partners, i.e. the plant vacuolar
H+-ATPase (VHA-B1/HUP1) and the 19S regula-
tory particle (RPT5B/HUP2) of the proteasome com-
plexes in nucleus. This complex specifically binds to

Figure 6 MdHXK1 overexpression improves salt tolerance in apple plants. A, Western-blotting assay of MdHXK1 protein a-
bundance in ‘Gala’ and 35S:: MdHXK1-Myc transgenic plants using anti-Myc antibody. B, Salt tolerance of three transgenic lines
i.e. MdHXK1-1,MdHXK1-2, andMdHXK1-5, compared to ‘Gala’. Plantswere grown in soil for 2months under normal condition
and used for NaCl treatment. C andD,MDA content (C), H2O2 (D) of apple plants as treated as in (B). E, Na+/H+ exchange activity
in the root and shoot of wild type and three transgenic lines. F, Na+ content in the root and shoot of wild type and three transgenic
lines. G, CoroNa Green fluorescent dye showed Na+ accumulation in the protoplasts isolated from roots of wild-type and three
MdHXK1 transgenic plants. Each value represents the mean 6 SD from three separate experiments. Statistical significance was
determined and compared to the control value using Student’s t test. n.s., P . 0.01; *, P , 0.01; **, P , 0.001.
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cis-regulatory elements upstream of CAB2 (Chl a/b
binding protein 2) and CAB3 coding regions (Cho et al.,
2006). Besides transcriptional regulation, it was also
found through maize and the Arabidopsis mesophyll
protoplasts system that Glc induces proteasome-
dependent degradation of ETHYLENE INSENSI-
TIVE3 (EIN3) proteins at the posttranslational level in
the nucleus in aHXK1-dependent manner (Yanagisawa
et al., 2003). In addition, MdbHLH3 is a key transcrip-
tion factor involved in regulating anthocyanin biosyn-
thesis (Xie et al., 2012). MdHXK1 interacts with and
phosphorylates MdbHLH3 to modulate anthocyanin
accumulation (Hu et al., 2016). Similarly, it was found
in this study that MdHXK1 interacted with and phos-
phorylated a Na+/H+ exchanger MdNHX1 by post-
translationally modulating its protein abundance and
transport activity (Figs. 3 and 4), thereby helping to
maintain ion homeostasis in cells under salt stress. This
work provides solid evidence for HXK1 acting as a Glc
sensor to exert its signaling function by transcription-
ally and posttranslationally regulating its targets, as
well as for why sugars are conducive to salt tolerance.

It is well known that disruption of ion homeostasis is
one of the consequences of high salt stress. Various ion
transporters are key determinants of ionic homeostasis
(Park et al., 2016). Among them, Salt Overly Sensitive1

(SOS1) is a plasma membrane-localized Na+/H+ anti-
porter. It mediates Na+ efflux from roots and loads Na+

ions into the xylem (Shi et al., 2000). In Arabidopsis, the
SOS signaling pathway has beenwell characterized and
is known to mediate ionic homeostasis and Na+ toler-
ance. Salt stress-generated Ca2+ signals activate the
SOS3-SOS2 complex, which phosphorylates and acti-
vates the transport activity of SOS1 to mediate Na+ ef-
flux from the cytoplasm (Ji et al., 2013). In addition to
SOS1, the Na+ transporter high-affinity K1 trans-
porter1 (HKT1) is another salt tolerance determinant
that coordinates with SOS1 to regulate salt stress re-
sponse and tolerance (Rus et al., 2001, 2004). AtHKT1 is
predominantly localized in the plasma membrane of
phloem cells and is involved in recirculating Na+ from
the shoot to the root by unloading Na+ from the xylem
and decreasing Na+ movement from the xylem into leaf
cells (Rus et al., 2004).

Sequestering excess Na+ into the vacuole has long
been proposed as an important mechanism for estab-
lishing ionic balance. Na+/H+ antiporters appear to
form a multigene family that might show different
temporal or spatial expression of various isoforms
(Yokoi et al., 2002). The importance of vacuolar trans-
porters for plant salt tolerance is underscored by the
finding that overexpression of AtNHX1 appears to

Figure 7 MdHXK1 enhances salt tolerance via MdNHX1. A, Salt tolerance of twoMdHXK1 transgenic lines (MdHXK1-1/5) and
two chimeric transgenic plants MdHXK1-3shoot/(MdHXK1-3+anti-MdNHX1)root andMdHXK1-5shoot/(MdHXK1-5+anti-MdNHX1)
root. These plants were treatedwith 200mMNaCl for 1 week. Scale bar represents 1 cm. B, Relative expression levels ofMdNHX1
in twoMdHXK1 transgenic lines and two chimeric transgenic plants. For qRT-PCR analysis, sampleswere assayed in triplicate and
normalized to 18S RNA. C andD,MDA content (C) andNa+ content (D) of apple plants treated as in (A). E, Bright-field images and
CoroNaGreen fluorescent dye images in roots of twoMdHXK1 transgenic lines and two chimeric transgenic plants after treatment
with 100 mM NaCl for 3 d. All images were taken using the same settings and exposure times to enable direct comparisons. Scale
bar represents 40 mm. F, Mean CoroNa Green fluorescence intensity. G, CoroNa Green fluorescent dye of protoplasts isolated
from the root of twoMdHXK1 transgenic lines and two chimeric transgenic plants. Scale bar represents 10 mm. Values shown are
means 6 SE (n = 10). Statistical significance was determined and compared to the control value using Student’s t test. n.s.,
P . 0.01; *, P , 0.01; **, P , 0.001.
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substantially improve plant salt tolerance (Bassil et al.,
2012). In Arabidopsis, AtNHX1 comprises nine trans-
membrane domains, which is distinct from the human
Na+/H+ antiporter NHE1 or any known Na+/H+ anti-
porter. Its N terminus faces the cytosol and a hydro-
philic C-terminal hydrophilic region resides close to the
vacuolar lumen (Yamaguchi et al., 2003). In Avicennia
marina, NO enhances Na+ sequestration by stimulating
protein expression of the vacuolar H+-ATPase and
NHX1 (Chen et al., 2010). Apple tonoplast-located Na+

/H+ exchanger MdNHX1 is a homolog of Arabidopsis
AtNHX1 and positively regulates salt tolerance (Li
et al., 2010; Sun et al., 2017).
The important role of vacuolar Na+/H+ antiporters in

plant salt tolerance has been well highlighted by gene
overexpression in a serious of plant species (Bassil and
Blumwald, 2014). However, little is known about the
regulatory pathway from various signals to Na+/H+

antiporters. It has already been reported that AtNHX1
activity is regulated by a calmodulin-like protein
AtCaM15, which binds to its C terminus in response to
stress-induced rises in intracellular Ca2+. This binding
modifies the Na+-K+ selectivity of antiporter and de-
creases the Na+-K+ transport ratio (Yamaguchi et al.,
2005). Besides the second messenger Ca2+, sugar also
influences salt tolerance (Fig. 1; Dubey and Singh, 1999;
Feng et al., 2002). Here, it is found that MdNHX1 is a
target of Glc sensor kinase MdHXK1 for posttransla-
tional phosphorylation modification (Fig. 3). It seems
that it is a common regulatory module composed of
protein kinases (such as SOS3-SOS2 complex and
HXK1) and ion antiporters/exchangers (such as SOS1
andNHX1) that controls ion homeostasis in response to
salt stress. In addition, it was found that Ser-275 is an
important phosphorylation site for MdNHX1. As such, a
Ser-275-to-Ala-275 (S275A) mutation abolished the
MdHXK1-mediatedMdNHX1 phosphorylation (Fig. 3E).
In yeast cells, ectopic expression of MdNHX1S275A suc-
cessfully recovered growth of the nhx1mutant, indicating
thatMdNHX1S275A still hasNa+/H+ exchange activity and
functions as a Na+/H+ exchanger. However, MdHXK1
failed to further improve Na+/H+ exchange activity of
MdNHX1S275A and enhance salt tolerance of yeast cells
(Fig. 5), suggesting thatMdNHX1 phosphorylation at site
Ser-275 is crucial for HXK1-mediated salt tolerance in
response to a sugar signal.
Based on a series of transgenic analyses, we found

that MdHXK1 regulated salt tolerance at least partially
in an MdNHX1-dependent manner. However, we
cannot rule out the possibility that other genesmay also
participate in this salinity response. For example,
MdHXK1 positively regulates the biosynthesis of an-
thocyanins that are active ROS scavengers (Hu et al.,
2016). HXK1-promoted anthocyanin accumulation is
conducive to a plant defense against ROS stress spon-
sored by high salinity. Taken together, our findings
yield insight into the molecular mechanism by which
the HXK1-NHX1 regulatory module maintains ion
homeostasis toward Glc-induced salt tolerance.

MATERIALS AND METHODS

Plant Materials, Growth Conditions, and Salt Treatments

Plantlets of Malus 3 domestic cv ‘Royal Gala’ apple were used. ‘Gala’ and
transgenic apple shoot cultures were grown on Murashige & Skoog (MS) me-
dium containing 0.6 mg L-1 6-BA, 0.2 mg L-1 IAA, and 0.1 mg L-1 GA and rooted
in MS medium containing 0.15 mg L-1 NAA at 25°C under long-day conditions
(16 h light/8 h dark). For normal soil growth, apple plantlets were transferred to
pots containing a mixture of soil/perlite (1:1) and grown in the greenhouse
under a 16-h light/8-h dark and 25°C/20°C d/n cycle.

‘Orin’ apple (M. domestica Borkh.) calli were used for genetic transformation.
The calli were grown on MS medium supplemented with 0.5 mg L-1 IAA,
1.5 mg L-1 6-BA, and 3% (w/v) Suc at 25°C in the dark. The apple calli were
subcultured three times at 15-d intervals before being used for genetic trans-
formation and in other assays.

For phenotypic analyses of salt tolerance, apple ‘Gala’ plantlets were grown
MS medium supplemented with 200 mM NaCl and different concentrations of
Glc (1%, 2%, 4%, 6%, w/v) or 4% (w/v) mannitol. For salt treatment of apple
plantlets grown in soil, plants were flooded every 2 d with NaCl solution, in-
crementally increasing with each successive watering from 100, 150, 200, and
250 to a final concentration of 300 mM NaCl. The apple calli was grown on solid
medium containing 100 mM NaCl for 3 weeks.

Plasmid Construction and Genetic Transformation

Sense full-length sequences of MdHXK1 and MdNHX1 were amplified to
construct sense overexpression vectors. Antisense partial 59 UTR sequences of
MdHXK1 and MdNHX1 were amplified to construct antisense suppression
vectors. The resulting PCR productswere inserted into the pCXSN vector under
the control of the 35S promoter. These vectors were transformed into the ‘Gala’
cultures or ‘Orin’ calli using Agrobacterium (GV3101)-mediated transformation
as described in Hu et al. (2016). All of the primers used in this study are listed in
Supplemental Table S1, unless otherwise indicated.

RNA Extraction and qRT-PCR Assays

Total RNA was extracted with the Trizol Reagent (Invitrogen Life Tech-
nologies). A quantity of 2 mg of total RNA was used to synthesize first-strand
cDNA with a PrimeScript First Strand cDNA Synthesis Kit (TaKaRa).

For qRT-PCR analysis, the reactions were performed with iQ SYBR Green
Supermix in an iCycler iQ5 system (Bio-Rad) following the instructions of the
manufacturer. The relative quantification of specific mRNA levels was per-
formed using the cycle threshold (Ct) 2-DDCt method. For all analyses, the signal
obtained for a gene of interest was normalized against the signal obtained for
the 18S gene. All of the sampleswere tested in at least three biological replicates.

Protein Extraction and Western Blotting

Aquantity of 2 g of apple calli or apple plants for each samplewas ground
in buffer containing: 20 mM Tris (pH 7.4), 100 mM NaCl, 0.5% Nonidet P-40
(v/v), 0.5 mM EDTA, 0.5 mM PMSF, and 0.5% (v/v) Protease Inhibitor
Cocktail (Sigma-Aldrich). Protein extracts were separated on a 12% SDS-
PAGE gel and transferred to PVDF membranes (Roche) using an electro-
transfer apparatus (Bio-Rad). The membranes were incubated with MYC,
GFP, GUS, or MdHXK1 (Sigma-Aldrich) primary antibodies and then
peroxidase-conjugated secondary antibodies (Abcam) before visualization
of immunoreactive proteins using an ECL Detection Kit (Millipore). Actin
served as a protein loading control.

The Split-Ubiquitin Membrane-Based Yeast Two-
Hybrid System

The DUAL membrane system is based on the split-ubiquitin mechanism to
detect the interaction between an integral membrane protein and its interaction
partners (Thaminy et al., 2003). MdNHX1 was fused to the C terminus of
ubiquitin with an artificial transcription factor LexA-VP16 as bait, whereas
MdHXK1 was fused with the N-terminal part of ubiquitin as prey. Interaction
was determined by growth of yeast colonies on medium lacking -T/-L/-H/-A
and by X-Gal assay.
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In Vitro Pull-down Assay

The MdNHX1-coding sequence was cut with BamHI and SalI double di-
gestion and cloned into pET32a with a His tag, and full-length cDNAs of
MdHXK1 were cut by EcoRI and SalI double digestion and cloned into pGEX
with a GST tag. Plasmids pGEX-MdHXK1 and pET32a-MdNHX1 were trans-
formed into Escherichia coli BL21 (DE3; Transgene), respectively. For pull-down
analysis, MdHXK1-GST proteins were first eluted from glutathione-agarose
beads before being incubated with MdNHX1-His, which remained attached
to the tetradentated-chelated nickel resin. In general, proteins were incubated at
least 4 h at 4°C under shaking conditions before being centrifuged. Precipitates
were washed no fewer than three times to remove unspecific bindings and
boiled (10 min, 100°C). Then, the precipitates were further analyzed with SDS-
PAGE and protein gel blotting.

Co-IP Assay

For IP assays, 1mg of freshly extracted proteinwas precleanedwith 30mL of
Protein A agarose beads (4 h, 4°C). The beads were centrifuged and the su-
pernatant was transferred into a fresh tube and incubated with Myc/GUS an-
tibody (overnight, 4°C). After brief centrifugation, four washing steps followed,
after which loading buffer was added to the precipitates and boiled as described
above. The precipitates were further analyzed by SDS-PAGE and western
blotting using standard procedures.

BiFC Assay

The coding regions ofMdHXK1 andMdNHX1 geneswere cloned into pSPYNE-
35S and pSPYCE-35S, which encode the N- or C-terminal regions of YFP (YFPN or
YFPC), respectively, to generate plasmids MdHXK1-YFPN and MdbNHX1-YFPC as
described by Xie et al. (2012). Arabidopsis CBL3 was fused to RFP and used as a
vacuole-located marker. These constructs were transformed into the Agrobacterium
tumefaciens GV3101 strain through electroporation.

A. tumefaciens strains carrying the fluorescent protein-fused constructs were
infiltrated into Nicotiana benthamiana leaves and incubated at 24°C for 48 h
before detection of YFP fluorescence. Imaging was performed using a laser
scanning confocal microscope (LSM 510 Meta; Carl Zeiss) with excitation at
488 nm and the emission at 510 nm to 520 nm.

Identification of Phosphorylation Sites Using LC-MS/MS

MdNHX1 proteins were immunoprecipitated with Myc antibody-
conjugated agarose beads and then separated with SDS-PAGE and stained
with Coomassie Brilliant Blue. The band containing MdNHX1 protein was cut
from the stained SDS-PAGEgel. Protein digestion, phosphopeptide enrichment,
mass spectrometry data acquisition, data analysis, and label-free quantitation
were carried out as described in Wang et al., (2013).

Detection of Phosphoproteins

A quantity of 1 g of wild-type or transgenic apple calli was preincubated in
10 mLMS liquid medium plus Glc (4%, w/v) for 1 h. Subsequently, the treated
apple calli sampleswere ground forprotein extraction.Additionally, aportionof
extracted protein samples was treated with 5 U of CIP. Then, these protein
sampleswereused forwesternblottingwithaMycantibody.Actinwasservedas
a protein-loading control.

In Vitro Phosphorylation Assay

A total of 0.2 mg of recombinant protein kinase MdHXK1-His and 1 mg of
MdNHX1-GST fusion proteins was incubated in 25mL of reaction buffer [20mM

Tris (pH 7.5), 5 mM MgCl2, 10 mM NaCl and 2 mM DTT] with 100 mM ATP and
[l-32P] ATP (0.2 mCi per reaction) at room temperature for 30 min. The phos-
phorylated proteins were visualized using autoradiography after separation on
a 12% SDS-PAGE gel.

Cell-free Degradation

Cells (E. coli, BL21) were induced by 0.1 mM IPTG and allowed to grow for
12 h at 16°C. MdNHX1-GST or MdNHX1S275A-GST were eluted from

glutathione-agarose beads. The total proteins of the transgenic apple calli were
subsequently extracted in degradation buffer containing 25 mM Tris-HCl (pH
7.5), 10 mM NaCl, 10 mM MgCl2, 4 mM PMSF, 5 mM DTT, and 10 mM ATP. The
supernatant was collected and the protein concentration was determined by the
Bradford assay reagent (Bio-Rad). Each reaction mix contained 100 ng of
MdNHX1-GST protein or MdNHX1S275A-GST and 500 mg of total protein from
transgenic apple calli. The reaction mixes were incubated at 22°C, and were
stopped by the addition of SDS-PAGE sample buffer and boiled for 10 min. The
results were quantified using Quantity One 1-D Analysis Software (Bio-Rad).

Construction of Viral Vectors and Transient Expression in
Apple Leaves

To construct antisense expression viral vectors, a specific sequence in the 59
UTR of MdHXK1 and MdNHX1 was cloned into the tobacco rattle virus (TRV)
vector in the antisense orientation under the control of the dual 35S promoter.
The vectorswere named “TRV-MdHXK1” and “TRV-MdNHX1”. The antisense
expression viral vectors were transformed into A. tumefaciens strain GV3101 for
inoculation. The injected apple leaves were cultured on the medium without or
with NaCl treatment in the dark at room temperature for 2 days. Then infected
apple leaves were used for gene expression analysis and MDA, H2O2, and Na+

content determination.

Transformation System with A. rhizogenes MSU440

A specific cDNA fragment of MdNHX1 was amplified and cloned into the
pK7GWIWG2 vector. The pK7GWIWG2 vector contained a ubiquitin
promoter-driven red fluorescent protein gene and a spectinomycin resistance
gene. The resulting vector was transformed intoA. rhizogenesMSU440 and used
for root infection. The resulting MSU440 can constitutively express red fluo-
rescent protein, which can be used as a marker for successful transformation.
The shoot cultures of apple ‘Gala’ cultivar with the same growth state were
used for infection. Then, the infected shoot cultures were grown in MS + IAA
(0.2 mg L21) medium to induce roots.

CoroNa Green Dye Na+ Analysis

The Na+ content in apple roots was quantified using the green fluorescent
Na+ dye CoroNa Green acetoxymethyl ester (Molecular Probes) as described in
Wu et al. (2015). The CoroNa Green indicator stock was added to 10 mL of
measuring buffer (10mMKCl and 5mMCa2+-MES, pH 6.1) and diluted to a final
concentration of 15 mM. The apple root tip was incubated in a solution con-
taining 20mMCoroNaGreen for 2 h in the dark. Protoplasts isolated from roots
of wild-type and transgenic plants were incubated in a solution containing
20 mM CoroNa Green for 1 h in the dark. After incubation, the samples were
rinsed in a buffered MES solution and examined using confocal microscopy.
Confocal imaging was performed using a laser scanning confocal microscope
(LSM 510 Meta; Carl Zeiss). The excitation wavelength was set at 488 nm and
the emission was detected at 510 nm to 520 nm.

Determination of Malondialdehyde, Na+, and
H2O2 Contents

The determinations of MDA and H2O2 were performed as described in Ma
et al. (2017). For Na+ content measurement, a SP-3500AA Series Atomic Ab-
sorption Spectrophotometer (Shanghai Spectrum Instrument) was used. Na+

contents were performed as in Dong et al. (2011).

Functional Identify of MdNHX1 and MdHXK1 in Yeast

The following Saccharomyces cerevisiae strain was used in this study: nhx1
mutant yeast, YDR456w (MAT a; his3D1; leu2D0; met15D0; ura3D0); and wild-
type yeast, BY4741 (MAT a; his3D1; leu2D0; lys2D0; ura3D0). The yeast cells
were grown at 30°C in YPD medium adding 4% (w/v) Glc. Transformation of
yeast cells was performed using the lithium acetate method. The transferred
strains were grown on SCU medium.

Full length MdHXK1, MdNHX1, andMdNHX1S275A was inserted into the yeast
expression vector pYES2. All plasmids were transformed into the yeast strain
YDR456w for functional complementation. For the stress tolerance assays, yeast cells
were normalized upon the absorbance of 0.12 at a wavelength of 600 nm. Four-mL
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aliquots of each 10-fold serial dilution were spotted onto SCU plates supplemented
with KCl, or NaCl as indicated, and incubated at 30°C for 3 d. The empty vector
pYES2 was transformed into the same yeast strains as a control.

Isolation of Tonoplast Vesicles and Na+/H+

Exchange Assays

After 4% (w/v)Glc treatment for 1 h, 2 g of apple calli were collected from the
solidmediumandwashed twice by 13PBS.As a control, apple calliwere treated
with 4% (w/v) mannitol to eliminate the effects of osmotic pressure. A quantity
of 2 g of yeast cells was centrifuged at 5000g for 5 mins and washed twice by
13PBS. Tonoplast vesicles were isolated from each sample according to pre-
vious methods (Blumwald and Poole, 1985). After purification, the Na+/H+

exchange activities were measured by monitoring the fluorescence recovery
rates of acridine orange using a spectrofluorometer. A quantity of 50 mg of
tonoplast vesicles was added to 1 mL reaction buffer including: 10 mM acridine
orange, 300 mM Suc, 200 mM KCl, 2 mM NaN3. The reaction was started by
adding 5 mM ATP-Tris and stopped by adding 250 nM bafilomycin. Then, dif-
ferent concentrations of NaCl were added. The Na+/H+ exchange activities
were calculated as F (the fluorescence recovery) / (Fmax2Fmin) 3 mg protein/
min.

Statistical Analysis

Sampleswere analyzed in triplicate, and thedata are expressedas themean6
SD unless noted otherwise. Statistical significance was determined using Stu-
dent’s t test. A difference at P, 0.01 was considered significant, and P, 0.001
was considered extremely significant.

Accession Numbers

AtNHX1 (AT5G27150), AtNHX2 (AT3G05030), AtNHX3 (AT5G55470),
AtNHX4 (AT3G06370), AtNHX5 (AT1G54370), AtNHX6 (AT1G79610),
AtNHX7 (AT2G01980), AtNHX8 (AT1G14660), MdNHX1 (MDP0000041327),
MdHXK1(MDP0000309677).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Salt tolerance of apple plantlets in medium plus
0 mM NaCl, 200 mM NaCl, and 200 mM NaCl plus 4% (w/v) mannitol,
respectively.

Supplemental Figure S2. Relative expression of MdHXK1 and MdNHX1 in
response to 4% (w/v) Glc treatment.

Supplemental Figure S3. MdHXK1 is required for the Glc-induced salt
tolerance in apple.

Supplemental Figure S4. MdHXK1 is involved in Glc-mediated salt toler-
ance through the Glc metabolic and signaling pathways.

Supplemental Figure S5. Phylogenetic tree analysis of MdNHX1.

Supplemental Figure S6. Collision-induced dissociation mass spectrum
showed the phosphorylation site was Ser (Thr) at residue 275 (Thr-
275) of MdNHX1.

Supplemental Figure S7. Transcript level of MdHXK1 in 35S::Anti-
MdHXK1 transgenic apple calli and the WT control.

Supplemental Figure S8. Salt tolerance of 35S::MdHXK1, Anti-MdHXK1-
RT, and 35S::MdHXK1+Anti-MdNHX1.

Supplemental Figure S9. Transcription level of MdHXK1 in the overex-
pression lines compared to ‘Gala’ determined by qPCR.

Supplemental Figure S10. Root induction in MdHXK1 overexpression
lines (MdHXK1-1/5) by MSU440 transformed with the antisense sup-
pression vector of MdNHX1.

Supplemental Figure S11. Reliance on MdHXK1 on MdNHX1 for salt re-
sistance in apple plant leaves.
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