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Abstract

Background: Soil salinity is a critical threat to global agriculture. In plants, the accumulation of xanthine activates
xanthine dehydrogenase (XDH), which catalyses the oxidation/conversion of xanthine to uric acid to remove excess
reactive oxygen species (ROS). The nucleobase-ascorbate transporter (NAT) family is also known as the nucleobase-
cation symporter (NCS) or AzgA-like family. NAT is known to transport xanthine and uric acid in plants. The
expression of MdNAT is influenced by salinity stress in apple.

Results: In this study, we discovered that exogenous application of xanthine and uric acid enhanced the resistance
of apple plants to salinity stress. In addition, MANAT7 overexpression transgenic apple plants showed enhanced
xanthine and uric acid concentrations and improved tolerance to salinity stress compared with nontransgenic
plants, while opposite phenotypes were observed for MANAT7 RNAI plants. These differences were probably due to
the enhancement or impairment of ROS scavenging and ion homeostasis abilities.

Conclusion: Our results demonstrate that xanthine and uric acid have potential uses in salt stress alleviation, and
MANAT7 can be utilized as a candidate gene to engineer resistance to salt stress in plants.
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Background

Soil salinity is one of the most significant environmental
limitations to the agriculture, and it influences more
than 800 million ha [1]. Because salinity stress may ad-
versely affect crop performance [2], it is critical that re-
searchers in molecular breeding programmes identify
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genes that confer salt tolerance and examine the poten-
tial for manipulating their expression in genetically
modified crops. Salinity stress interferes with many
physiological and metabolic processes, resulting in chlor-
osis, necrosis, and ion toxicity [3]. In affected plants, the
short-term stress response can result in inhibition of
water uptake; reduction in root growth, leaf develop-
ment, and the production of new leaves; and damage to
the cells of transpiring leaves [4]. Long-term stress re-
sponses can include salt sequestration in older leaves
that can cause their premature senescence and a decline
in enzyme activities and the photosynthesis [5, 6].
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Salt stress severely interrupts the normal growth of
plants and their productivity, affecting plants throughout
their whole life processes [2]. Under salt stress condi-
tions, physiological and metabolic activities are impaired
by ionic and osmotic stresses, nutritional imbalances, or
a combination of these factors [7, 8]. Ionic stress induces
excess Na' to accumulate in leaves. During periods of
high salt stress, the uptake of Na* competes with that of
K", resulting in excess sequestration of cytoplasmic Na*
rather than Cl™ within the cells [4]. Plants respond to ex-
cess Na* by maintaining a high cytosolic K*/Na* ratio
and reducing their levels of cytosolic Na™. In the roots of
plants, K* absorption from soil is primarily mediated by
K" channels or transporters. The transcription and activ-
ities of these K* channels or transporters could be in-
duced in response to K" deficiency [9]. An
overabundance of Na" is detected by plasma membrane
sensors, which then induce an increase in the levels of
cytosolic Ca®* [10]. The SOS3-SOS2 protein complex
activates the SOS1 protein, a plasma membrane Na*/H*
antiporter that induces the efflux of Na® [11]. In
addition, SOS2 regulates the activities of the V-H'-
ATPase and NHX1 antiporters [11]. Ion homeostasis
could also suppress or stimulate other related trans-
porter activities, e.g, members of the Arabidopsis K*
transporters (AKTs) and the K" (KAT)-type transporter
subfamilies in Arabidopsis thaliana [12]. Arabidopsis
KEA2 is the chloroplast K'/H* antiporter that is in-
volved in ion homeostasis [13]. All of these transporters
contribute to the development of salt tolerance in plants.
Osmotic imbalance introduces water deficits, reduces
the expansion of the leaf area, and causes stomatal clos-
ure, which finally reduces plant growth and the rate of
photosynthesis [6]. Plants achieve ion homeostasis
through the salt overly sensitive (SOS) pathway [14]. Sal-
inity stress can also drive the production of reactive oxy-
genic species (ROS), i.e., hydrogen peroxide (H,O,) and
superoxide (O,.7) [15, 16]. Plants alleviate the effects of
salt-induced oxidative stress through the upregulation of
a series of enzymatic and nonenzymatic antioxidants at
the subcellular level. These enzymes include peroxidase
(POD), catalase (CAT), superoxide dismutase (SOD),
glutathione reductase (GR), and ascorbate peroxidase
(APX). The nonenzymatic antioxidants ascorbic acid
(AsA), glutathione (GSH), and carotenoids also scaven-
ger ROS [15, 17]. Additionally, it has been reported that
uric acid and/or its catabolic products can eliminate
ROS, thus, these compounds could be significant antiox-
idants in both animals and plants [18-22].

In leaf mesophyll cells, xanthine is catalyzed by
xanthine dehydrogenase 1 (XDH1) to uric acid in
local and systemic tissues to remove excess H,O,
from chloroplasts, therefore protecting the plants
from oxidative damage [23]. Uric acid has been
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recognized as a potent ROS scavenger in vitro and
in vivo in land animals [24-27]. In addition, certain
downstream metabolites of uric acid are suggested to
have antioxidative potential [19]. Uric acid infiltration
into Arabidopsis leaves can efficiently quench the po-
tent oxidant peroxynitrite [28]. Exogenous uric acid
added to MS solid medium could prevent or signifi-
cantly reduce the accumulation of chloroplast-H,O,

in the leaves of an Arabidopsis xdhl mutant,
suggesting that uric acid functions to scavenge
chloroplast-generated H,O, [23]. Urea has been

shown to be essential for the germination of Arabi-
dopsis under nitrogen-limited conditions, and recent
studies have also shown that uric acid [29], allantoin,
and allantoate [30] can serve as the sole nitrogen
source during the growth of Arabidopsis plants.
Watanabe et al. [31] reported that pretreatment with
exogenous uric acid alleviated the drought-
hypersensitive phenotype of Arabidopsis XDH-sup-
pressed lines, which is likely due to its ability to
remove excess ROS. However, the result of exogenous
xanthine in plants have not been studied, and the
manner in which the concentrations of xanthine and
uric acid are regulated under stress conditions also
remains unknown.

The transporters responsible for the transport of
xanthine and uric acid in plants are the nucleobase-
ascorbate transporters (NATs). The NAT family is also
known as the AzgA-like family or the nucleobase-cation
symporter (NCS) family. NAT proteins are members of
the NCS1 and NCS2 families in prokaryotes [32]. NAT
proteins are ubiquitous among living organisms, and ap-
proximately 20 members of this family have been func-
tionally characterized [33]. Most of them take in the
nucleobase-coupled symporters of H" in bacteria, fungi,
and plants, or symporters of Na* in suckler [34]. NATs
in mammals also transport L-ascorbic acid [35]. To our
knowledge, the maize leaf permease 1 (Lpe 1) and twelve
Arabidopsis NATs (NAT1-NAT12) have been reported
to transport nucleobases and uric acid substrate. Lpe 1
is thought to be a high-affinity transporter for uric acid
and xanthine [36]. AtNAT1 and AtNAT12 proteins have
been proven to transport adenine, guanine and uracil
[37]. Eight Arabidopsis NATs (AtNAT1-AtNATS) all
transport xanthine [38].

Apple (Malus x domestica Borkh.) is a widely culti-
vated and economically important perennial fruit crop.
In recent years, salinization has deleteriously affected the
quality and vyield of apples. Improving apple salt toler-
ance by molecular biological techniques has become an
important method in modern breeding [39]. Further-
more, little is known about the NAT family in woody
species, such as apple, or the manner in which the ex-
pression of MdANAT in apple is influenced by
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environmental stresses. We previously isolated the NAT
gene family from the apple genome and cloned
MANAT?7, which is significantly induced by drought and
salinity stresses [40]. Here, we focused on its function in
response to salinity stress. Overexpression (Oe) of
MdANAT?7 increased the concentrations of xanthine and
uric acid in apple, leading to enhanced tolerance to sal-
inity stress. This phenotype can probably be attributed
to an enhancement of ROS scavenging and the medi-
ation of the ability to maintain ion homeostasis by the
upregulation of antioxidant enzymes and ion transport-
related gene expression in Oe plants. Our results provide
evidence that overexpression of MdNAT7 confers salt
tolerance, indicting that this gene a promising candidate
for future crop salt tolerance breeding. Additionally, the
exogenous application of xanthine and uric acid also en-
hanced the resistance of apple plants to resist salinity.
Xanthine and uric acid may potentially be applied in
crop production to help plants resist salinity.

Methods

Plant materials and treatments

Transgenic and untransformed wild type (WT) tissue-
cultured plants of Malus domestica cv. ‘Roya Gala’ (‘GL3’,
Kindly provided by Prof. Zhihong Zhang at Shenyang
Agricultural University, Shenyang, China) were initially
grown on MS solid medium containing 0.3 mgL™ ' 6-
benzylaminopurine (6-BA) and 0.2mgL™ ' indole acetic
acid (IAA) and were rooted on an MS solid medium that
contained 0.5 mgL’1 indole-3 butyric acid (IBA) and 0.5
mgL~ ' IAA. Plants were cultured under 23°C and 60
umolm™?s™ !, with a photoperiod 14 h. The apple seed-
lings were transferred to plastic pots that contained a mix-
ture of soil and perlite and grown at 22°C under a 16 h
light and 8h dark cycle after rooting on an MS solid
medium. The plants were transferred to large plastic pots
and kept in the glasshouse after adaptation in a growth
chamber. After 3 months, plants that were healthy and
uniformly sized were assigned to two experimental groups.
Half of the plants were subjected to salinity using 1L of
200 mM NaCl every 3 days [41], while the other half were
treated with 1 L of water every 3 days and continued to re-
ceive standard, daily irrigation. After stress exposure for 0,
3, 6,9, and 12 days, fully mature leaves from positions 9—
12 along the stem base were sampled from three trees per
treatment between 10 and 11 am, quickly frozen in liquid
nitrogen and stored at — 80 °C.

To evaluate the effects of xanthine and uric acid on
apple growth, similarly sized ‘GL3’ cuttings with three
leaves were placed on MS solid medium for 7 days to in-
duce root primordia. After screening concentrations of
xanthine, uric acid and NaCl during a preliminary ex-
periment, the stem tips were transferred to unadulter-
ated MS media and MS media containing various
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treatments: 50 mM xanthine (Sigma-X7375, Sigma-
Aldrich, St. Louis, MO, USA), 50mM NaCl, 50 mM
NaCl supplemented with 50 mM xanthine, and 50 mM
NaCl combined with 20 mM uric acid (Sigma-U2625).
The growth phenotype of apple plant was evaluated after
21 days of growth.

Analysis of the signature motif and subcellular
localization of MANAT7

To characterize and analyse the signature motif of the
NAT proteins, full-length protein sequences of Aspergil-
lus nidulans, Bacillus subtilis, Escherichia coli, Aspergil-
lus nidulans, and Candida albicans were downloaded
from the NCBI protein database (http://www.ncbi.nlm.
nih.gov/guide/).

The full coding region of MANAT?7 (without a stop
codon) was cloned into the pGWB405 vector containing
the green fluorescent protein (GFP) reporter gene [42].
The plasmid of 35S:MdNAT7-GFP was introduced into
Agrobacterium tumefaciens EHA105 and then transiently
transformed into tobacco (Nicotiana benthamiana)
leaves as described by Yang et al. [43]. The expression of
GFP was observed using confocal microscopy (version
2.1a; Olympus, Berlin, Germany) 2 days after agroinfil-
tration. The AtCBL1n:mCherry construct was used as a
marker for the localization of plasma membrane proteins
[44]. The primers and restriction sites used are listed in
Table S1.

Plasmids construction and apple genetic transformation

The entire coding region of MdNAT7 was amplified
with specific primers (forward primer: 5'-GCTCTA-
GAATGGGAGAAAATGCT-3’, Xbal site underlined;
reverse primer: 5-CCCCCGGGCTAATAATAGAAAA
AT-3’, Smal site underlined) and ligated into the pCam-
bial21 vector using double enzyme digestion, which was
driven by the maize (Zea mays) ubiquitin promoter and
the nopaline synthase terminator. The sense and anti-
sense sequences of the specific 200-bp coding region of
MdANAT7 were cloned into the RNAI vector (Hellsgate2)
to generate the RNAI construct targeting the expression
of MdNAT?7. These constructs were transferred to A.
tumefaciens EHA105 using electroporation [45]. Agro-
bacterium-mediated transformation was employed to
create transgenic ‘Royal Gala” apple plants [46]. Regener-
ated buds that were resistant to 25mgL ™' kanamycin
were subcultured every 21 days. Transgenic lines were
determined at DNA, RNA and protein levels. The
primers and restriction sites used are listed in Table S1.

DNA isolation, RNA extraction, qRT-PCR, and western
blotting

Apple DNA was extracted using the CTAB method [47].
Total RNA was isolated from the positive lines and WT
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plants using the CTAB method [48] and was reverse
transcribed using a Revert Aid First Strand cDNA Syn-
thesis Kit (Thermo Scientific, Waltham, MA, USA). The
quantitative real-time reverse transcriptase PCR (qRT-
PCR) procedures utilized SYBR® Premix Ex Taq™ II
(TliRNaseH Plus) (Takara, Dalian, China), and the assay
was performed using a CFX96 TM REAL-Time System
C1000 Thermal Cycler (Bio-Rad Laboratories, Foster
City, CA, USA). The gene elongation factor la in M.
domestica (EF-1a; DQ341381) was used to standardize
different genes in cDNA samples [49]. The relative ex-
pression level of each gene was calculated according to
the 22T method [50].Three biological samples were
used in all experiments. The primer sequences for the
analysis of gene expression are shown Table S1.

Total proteins was extracted as previously described
[51]. Protein assay kits (Bio-Rad) were used to determine
the concentration of proteins using bovine serum albu-
min as the standard. The soluble protein fraction of oxi-
dized proteins was detected using an Oxy Blot protein
oxidation detection kit (Chemicon International, Temec-
ula, CA, USA). MdANAT7-specific monoclonal antibody
against a peptide (GDARNEEFYSLPVRC) was raised in
rabbits (GenScript, Nanjing, China). Clarity TM Western
ECL Substrate (Bio-Rad) was used to detect the antigen-
antibody complexes after incubation with a horseradish
peroxidase-linked secondary antibody (CWBIO) accord-
ing to the manufacturer’s instructions.

Evaluation of stress tolerance

The electrolyte leakage (EL) of leaves was measured as
described by Sun et al. [52]. The concentration of mal-
ondialdehyde (MDA) was measured as described by
Heath and Packer [53]. Leaves were collected from 10
plants per treatment to analyze various physiological in-
dexes. Chlorophyll (Chl) was extracted in 80% acetone,
and chlorophyll concentrations were determined spec-
trophotometrically as described by Arnon [54]. The net
rates of photosynthesis (Pn) were monitored using a
portable photosynthesis system of LI-COR 6400 (LI-
COR, Lincoln, NE, USA). The data were recorded be-
tween 9 and 10am on sunny days by measuring the
leaves at positions 9 to 12 from the base of selected
plant. The Pn was evaluated from five plants per treat-
ment. The specific experimental parameters were as de-
scribed by Sun et al. [52].

Determination of the concentrations of xanthine and uric
acid in apple leaves

Xanthine and uric acid were extracted from the leaves
with three biological replicates as described by Rukdee
et al. [55]. Briefly, approximately 0.5g of frozen tissue
was ground to a fine powder in a mortar with liquid ni-
trogen and mixed with 5mL of 10 mM ammonium
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hydroxide in a blender for 20 min. The supernatant was
collected after centrifugation at 13,000 g for 10 min. The
xanthine and uric acid in each supernatant were de-
tected by high-performance liquid chromatography-
tandem mass spectrometry (HPLC-MS/MS) on an AB
SCIEX QTRAP® 5500 LC/MS/MS system [55]. Xanthine
and uric acid were used as the master standards.

Assays of antioxidant enzymes and antioxidant
metabolites

Apple leaves (0.1 g) were ground separately in liquid ni-
trogen and then suspended in 1 mL of solution with 10
mM phosphate buffer (pH 7.0). The supernatant was col-
lected after centrifugation (4°C, 13,000 g, 20 min). The
activities of CAT, SOD, POD, GR, and APX and the
contents of AsA and GSH were measured as previously
described [22, 56].

Assessing the concentrations of sodium and potassium in
leaves

After salinity treatment for 12 days, the leaf tissues of
transgenic and untransformed wild-type apple plants
were collected and washed three times with distilled
water for measurement of the mineral concentrations.
The leaf tissue was then fixed at 105 °C for 30 min, dried
at 80°C for 48 h, and ground into powder. The sodium
and potassium elements were digested in solutions con-
taining HNO3-HClO,. After the materials were filtered
and then diluted with distilled water, the Na* and K*
concentrations were analyzed using a flame photometer
(M410; Sherwood Scientific, Cambridge, UK).

Statistical analysis

All experiments were conducted in triplicate, and statis-
tical analysis of the data from plants in the control and
stress treatments was performed by one-way analysis of
variance (ANOVA) using SPSS 20.0 (IBM, Inc., Armonk,
NY, USA). The difference between treatments was con-
sidered statistically significant at P <0.05. The data are
presented as the mean plus or minus standard deviation
(SD) for three replicates.

Results

MdNAT?7 is responsive to salt and might encode a
xanthine and uric acid transporter

MdANAT7 (MDP0000304285) encodes one of the 14
nucleobase-ascorbate transporters in Malus, and has a
GenBank accession number of KT454524. This gene lo-
cated on chromosome 8 with 1641 bp ORF and encodes
546 amino acid residues [40].

All nucleobase-ascorbate transporters contain 13-14
transmembrane segments, with a highly conserved signa-
ture motif ([Q/E/P]-N-X-G-X-X-X-X-T-[R/K/G]), which
is pivotal for the NAT feature (Fig. la). Maize leaf
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Fig. 1 Analysis and localization of MANAT?. a. Model of the transmembrane structure of NAT proteins and the NAT signature motif. Pyr P, Bacillus
subtilis Pyr P (P31466), Ura A, Escherichia coli homologue Ura A (POAGM7); Lpe 1, maize Leaf Permease 1 (NP_001150400.1); MdNAT7, M. domestica
NAT7 (MDP0000304285); Uap A, Aspergillus nidulans Uap A (Q07307); Uap C, A. nidulans Uap C (P48777); Xutl, Candida albicans Xut1 (AAX22221.1);
Ygf O, E. coli homologue YgfO (P67444); Yic E, E. coli homologue Yic E (POAGM9); Pbu X, B. subtilis Pbu X (P42086); Puc J, B. subtilis Pbu J (032139);

Cons, Consensus refers to the nucleobase-ascorbate transporter motif. b. Localization of MANAT?. The fusion protein of MANAT7-GFP was
transiently expressed in tobacco leaves and observed with confocal microscopy. MANAT7-GFP fluorescence. The plasma membrane protein
localization marker AtCBL1n-mCherry. Merged images. Merged with bright field. Scale bar =50 pm

permease 1 (Lpe 1) was assigned as a xanthine and uric
acid high-affinity transporter [36]. MANAT7 has a con-
served signature motif (362-E-N-V-G-L-L-G-L-T-R-371)
that exhibits high similarity with that of Lpel (Fig. 1a).
A subcellular localization study indicated that the
MdANAT7-GFP fusion proteins were localized to the
plasma membrane (Fig. 1b). The expression of the
MdANAT?7 gene was significantly upregulated upon salt
stress treatment, with approximately 14-fold induction
at 12 days post treatment (Fig. 2a). In addition, the po-
tential substrates xanthine (X) and uric acid (UA) were
also upregulated upon salt treatment (Fig. 2b—c).

Exogenous xanthine and uric acid promote plant growth
and alleviates salt damage in apple

Under normal conditions, the addition of X and UA pro-
moted plant growth and slightly improved root elong-
ation (Fig. 3). Exogenous uric acid added to MS solid
medium could scavenge chloroplast-generated H,O,
[23]. To test whether X and UA have a role in the regu-
lation of salt resistance, we added these compounds indi-
vidually into the tissue culture media to test their
functions. Plant growth and root elongation were inhib-
ited under salt condition, while the addition of X and
UA alleviated this inhibition (Fig. 3a). Under salt treat-
ment (ST), the number of roots, root length, and fresh
weight of plants decreased significantly. However, when

50 mM X was applied, the root number, root length and
fresh weight increased by 1.10-, 1.09-, and 1.15-fold, re-
spectively, compared with those under salt stress condi-
tions. Similarly, when 20 mM UA was supplied, the
number of roots, root length and fresh weight also in-
creased by 1.35-, 1.15-, and 1.25-fold, respectively, com-
pared with those under salt stress conditions (Fig. 3b—e).

It was noted that exogenous X and UA activated the
ROS scavenging system, i.e., in ‘GL3’" apple plants, the
content of H,O, in the plants treated with ST + X and
ST + UA was noticeably lower than that in the ST-
treated plants, and the activities of the antioxidant en-
zymes SOD, POD, and CAT were much higher in the
plants treated with ST + X and ST + UA than those in
the plants treated with ST (Fig. S1A-D). Additionally,
the expression of MdSOSI, MdSOS2, MdSOS3,
MANHX1, MdNHX2, MdNHX4, MdNHX6, MdJAKTI,
MAAKT2/3, MAKATI, and MdKEA2 were also higher in
the plants treated with ST + X and ST + UA than in
those treated with ST (Fig. SIE-O).

Overexpression of MdNAT7 enhances salt tolerance and
concentrations of xanthine and uric acid in apple

To further determine the functions of MdNAT?7, overex-
pression (Oe) and RNAi (Ri) transgenic MdNAT7 apple
plants were generated. Two representative Oe lines with
high MdNAT?7 expression levels (16- and 24-fold) and
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two Ri lines with low expression levels (0.5- and 0.2-
fold) were selected for further study (Fig. 4a and S2).
After exposure to salinity for 12 days, the leaves from Oe
lines were less wilted and necrotic, and most remained
vibrant compared with those of the WT. In contrast, the

Ri lines displayed a substantial amount of wilting and
necrosis (Fig. 4b). The Pn values were markedly influ-
enced in all genotypes after treatment with 200 mM
NacCl, albeit to varying degrees. For example, the rates in
Oe lines were approximately 1.2-fold higher than those
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Fig. 3 Analysis of xanthine and uric acid in apple leaves under normal and salt stress. a. Phenotype of tissue-cultured ‘Roya Gala’ plants in
response to various treatments after 21 days of culture. b—e. Statistical analysis of tissue-cultured ‘Roya Gala' plants in response to various
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in the WT, while the Pn values from Ri plants were only
70% of those measured for the WT (Fig. 4c). The total
concentrations of Chl in Oe-7-1, Oe-7-2, Ri-7-1, and Ri-
7-2 were 1.11-, 1.22-, 0.83-, and 0.68-fold, respectively,
higher than those in WT plants (Fig. 4d). The concen-
tration of MDA was lower in Oe plants but higher in Ri
lines in response to salt treatment (Fig. 4e). In addition,

Oe plants showed significantly reduced EL values com-
pared with those of the WT, while Ri plants had higher
EL values than the WT (Fig. 4f). All of these data dem-
onstrated that overexpression of MdNAT7 caused to less
physiological damage, while RNAi of MdNAT7 led to
greater physiological damage, compared with that of
WT plants.
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Salt stress induced the accumulation of X and UA in
apple compared with that under normal conditions.
Under normal conditions, the concentrations of X and
UA in the leaves did not differ noticeably among geno-
types (Fig. 4g—h). Compared with WT plants, the levels
of X increased by 1.73- and 1.70-fold in the Oe-7-1 and
Oe-7-2 lines, respectively. In contrast, these levels were
reduced by 0.31- and 0.26-fold in the Ri-7-1 and Ri-7-2
lines under salt stress conditions, respectively, compared
with those in the WT.

Overexpression of MANAT? leads to a lower accumulation
of H,0, under salinity stress

Although all the genotypes tested accumulated ROS in
response to salt stress, compared with WT, Oe plants
had significantly less H,O, after 12 days of treatment,
while Ri plants had significantly more H,O, (Fig. 5a).
The main scavenging enzymes, POD, CAT, SOD, GR,
and APX, showed obvious increases in their activities in
response to the elevated accumulation of H,O,. For ex-
ample, the activity of CAT increased by 1.84-, 2.00-,
1.42, and 1.31-fold for Oe-7-1, Oe-7-2, Ri-7-1, and Ri-7-
2, respectively, versus the 1.53-fold increase measured in
WT plants (Fig. 5b). A similar pattern was observed for
the activities of POD, SOD, APX, and GR (Fig. 5c—f).
These findings showed that overexpression of MdNAT7
enhanced antioxidant activities, while RNAi reduced
those activities in stressed plants. After 12 days of stress

treatment, the levels of AsA and GSH were higher in Oe
lines and lower in Ri lines compared with those of WT,
although no difference was found between WT and
transgenic plants under control conditions (Fig. 5g—h).
We monitored the changes in the transcript levels of
major genes in that cycle. Under salt stress conditions,
the expression of MdcAPX, MdDHARI, MdcGR, and
MDHAR gradually increased, particularly in the Oe lines
(Fig. S3). For example, the expression level of MdcAPX
was 1.12- and 1.22-fold higher in Oe-7-1 and Oe-7-2, re-
spectively, than in the WT. In contrast, the transcript
levels in Ri-7-1 and Ri-7-2 were 0.52- and 0.46-fold
lower than those detected in the WT.

MdNAT7-overexpression lines accumulate less Na* and
more K" than WT plants under salinity stress

Under normal conditions, the concentrations of Na™ in
the leaves did not differ noticeably among different ge-
notypes. However, exposure to salt stress caused the
levels of Na* to be 0.86- and 0.81-fold in lines Oe-7-1
and Oe-7-2 and 1.09- and 1.11-fold in lines Ri-7-1 and
Ri-7-2 compared with that in the WT, respectively
(Fig. 6a). Oe plants maintained a higher concentration of
K" than WT plants, while the opposite was true for Ri
lines (Fig. 6b). Moreover, the values for Na"/K* were
lower in Oe lines than in WT leaves under stress condi-
tions, while those ratios were higher in the Ri lines than
in the WT (Fig. 6¢).
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The expression of MdSOS1, MdSOS2, MdSOS3, increased significantly in response to salinity stress.
MANHX1, MANHX2, MANHX4, MANHX6, MdAKT1, In addition, most of the genes tested were expressed
MAAKT2/3, MdKATI, and MdKEA2 in the leaves at higher levels in Oe-7-1 and Oe-7-2 and at lower
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levels in Ri-7-1 and Ri-7-2 than in WT plants (Fig.
6d-n).

Discussion

The nucleobase transporters and similar sequences of un-
known function present in databases constitute three basic
families. These are the Nucleobase Cation Symporter fam-
ily 1 (NCS1), also known as the Purine-Related

Transporter family (PRT), the Nucleobase-Ascorbate
Transporter family (NAT or NCS2), the AzgA-like family
and the so called Equilibrative Nucleoside Transporter
family (ENT) [57]. The nucleobase-ascorbate transporter
family is one of three known protein families, and the
principal substrates for NATSs are nucleobases. NATSs are
part of an evolutionarily widespread transport proteins
family in prokaryotes, fungi, mammals, and plants [58].
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We previously cloned MdNAT7 from M. domestica
and found that while its expression was somewhat high
in young and mature apple fruits, it continued to in-
crease during the ripening period. The transcript levels
of MdNAT7 were upregulated in response to excess
NaCl and peaked after 9 days of treatment [40]. To gain
new information about the mechanism by which this
gene confers salt tolerance, we used transgenic apple
plants to examine the effects of either overexpressing or
silencing this gene. Our overall data clearly demon-
strated that Oe lines exhibited improved tolerance to salt
stress, while Ri plants exhibited decreased tolerance.

The NAT signature motif characteristic [Q/E/P]-N-X-
G-X-X-X-X-T-[R/K/G] is a common feature of all NAT
proteins, NAT proteins that tansport nucleobase or as-
corbic acid could perhaps be predicted based on amino
acid variations in or near the NAT signature motif. In
particular, the first amino acid in the motif of known
nucleobase transporters is always a Q/E, while it is a P
in ascorbate transporters [59]. In our previous study, the
first amino acid E is the signature motif for MdNATSs
[40], indicating that MdNATSs are probably nucleobase
transporters. Escherichia coli UraA knockout mutants
that expressing AtNAT3 and AtNATI12 proteins were
revealed to have high affinities for the transport of guan-
ine, adenine and uracil [60]. Hunt [38] reported that all
AtNATS transport xanthine. Since MANAT?7 shares the
highest similarity with AtNAT3, we speculate that
MdANAT7 may also transport xanthine. A highly
conserved signature motif of MANAT7 is (362-E-N-V-
G-L-L-G-L-T-R-371), which exhibits a high degree of
similarity with that of Lpel (Fig. la). Therefore, we
hypothesize that MANAT7 may also transport xanthine
and uric acid. Fusion proteins, such as AtNAT3-GFP
and AtNATI12-GFP, are located in structures that re-
semble the plasma membrane [37]. Similarly, MANAT?7
is also a plasma membrane protein based on our data
(Fig. 1b). Similar to our previous research [40], MdNAT7
gene expression was significantly upregulated under salt
stress treatment (Fig. 2a). The potential substrates
xanthine (X) and uric acid (UA) were also upregulated
upon saline stress (Fig. 2b—c).

In plants, purine catabolism to xanthine is mediated
by xanthine dehydrogenase (XDH), which catalyzes
xanthine into uric acid, which serves as a scavenger of
ROS. In leaf mesophyll cells, XDH1 catalyses xanthine
to uric acid in local and systemic tissues to clear HyO,
from chloroplasts, thereby protecting plants from oxida-
tive damage [23]. The accumulation of increased levels
of xanthine as a substrate leads to higher XDH activity
and more uric acid production [23]. Uric acid has long
been recognized as a potent ROS scavenger in vitro and
in vivo in land animals [24-27]. In Arabidopsis, XDH
mutants, such as Atxdhl, exogenous uric acid or its
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catabolic products, can reduce natural or dark-induced
early senescence [19, 42]. When XDH-suppressed lines
were subjected to drought stress, plant growth was
markedly reduced in conjunction with significantly en-
hanced cell death and H,O, accumulation [31]. In the
leaves of the Arabidopsis xdh1-2 mutant, the addition of
exogenous uric acid to MS solid medium completely
suppressed the accumulation of H,O, in chloroplasts
[23]. Uric acid can efficiently reduce lesion formation in
Arabidopsis leaves treated with an abiotic peroxynitrite-
generating system or with a peroxynitrite solution [28].
In this study, we also discovered that exogenous
xanthine and uric acid not only promoted plant growth
and slightly improved the elongation of roots under nor-
mal conditions but also clearly enhanced the resistance
of apple to salinity stress (Fig. 3). Exogenous X and UA
activated the ROS scavenging system, upregulated sev-
eral ion transporters and affected gene expression (Fig.
S1). Xanthine and uric acid have potential uses in salt
stress alleviation.

In this study, the overexpression lines of MdNAT7
showed increased concentrations of xanthine and uric
acid compared with those of the WT, while the Ri lines
had decreased levels (Fig. 4g—h). Arabidopsis AtNAT1
and AtNAT12 have been shown to transport guanine,
adenine, and uracil [37], and eight Arabidopsis NATs
(AtNAT1-AtNATS) all transport xanthine. Therefore, it
is reasonable to propose that MANAT7 functions as a
xanthine and uric acid transporter in apple. The in-
creased concentrations of xanthine and uric acid in Oe
apple plants may be one reason for the improvement in
their resistance to salt. Compared with WT plants, Oe
lines incurred less stress-related damage, as evidenced
by the lower values determined for MDA, ROS, and EL
and the higher chlorophyll concentrations and photosyn-
thesis rates (Fig. 4c—f). Furthermore, the activities of
H,0,-scavenging enzymes, such as CAT, POD, SOD,
APX, and GR, were augmented in the Oe lines, while
the opposite was true for the Ri lines (Fig. 5).

The level of malondialdehyde, the product of lipid per-
oxidation, is regarded as an indicator of oxidative dam-
age. Thus, the stability of cell membranes is extensively
utilized to differentiate between salt-sensitive and salt-
tolerant plants [61]. Here, the concentrations of MDA
and the level of EL were prominently higher in WT than
in Oe lines but were lower than those in Ri lines under
salinity stress. This indicated that cell damage could be
relieved by the overexpression of MdNAT7 and aggra-
vated when its expression was silenced. Abiotic stress
leads to an increase in the production of ROS, resulting
in oxidative damage to cellular components [62]. Oe
apple plants accumulated less H,O, than did WT plants
after 12 days of salt stress, while oxidative damage in the
Ri lines was more severe than in the WT.
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Plants use enzymatic and nonenzymatic antioxidants to
protect cells and subcellular systems from ROS damage
[63]. We showed here that the activities of POD and CAT
were obviously higher in the Oe lines than in the WT
under saline condition. APX, as the most important scav-
enger of HyO, in green tissues, functions in the AsA-
GSH cycle and is located in diverse cellular compartments
[64]. Overexpression of MdNAT?7 upregulated the activ-
ities of APX and GR and the expression of MdcAPX,
MAMDHAR, MdDHARI, and MdcGR in the AsA-GSH
cycle system (Fig. S3). This could explain why Oe lines
contained more AsA and GSH than the WT, while Ri
lines had the least amount when subjected to salt stress.
Under normal conditions, the expression of those genes
showed no difference between transgenic and WT plants,
similar to the contents of AsA and GSH and the activity
of antioxidant enzymes. This trend in the concentrations
of AsA and GSH and interconversions between their oxi-
dized and reduced forms is also consistent with the
changes in transcriptional pattern. The total levels of AsA
and total GSH were prominently improved in Oe plants
under saline condition. After 12 days of salt stress, the
levels of AsA were higher in the Oe lines than in the WT,
probably because the Oe lines had a more activated anti-
oxidant system (Fig. 5g—h). Salinity stress affects photo-
synthetic processes when salt accumulates in the tip [1],
and the concentrations of chlorophyll and carotenoids de-
crease, even in halophyte plants [65-67]. The rate of
photosynthesis can also decline owing to the production
of ROS, and repairs to Photosystem II are prevented
owing to an imbalance in the chloroplast redox system
[68]. The negative influence of photosynthesis intracellular
ROS can be alleviated by engineering plants to increase
the production of ROS-scavenging enzymes, such as, APX
and CAT, by improving the levels of GSH and AsA anti-
oxidants [68]. The strengthening of Pn that we observed
in Oe plants could have resulted from their more robust
antioxidant system.

MdNAT7 regulated not only the genes involved in ROS
scavenging but also the genes involved in ion transport.
Plant responses to saline conditions are modulated by many
different genes that help confer tolerance [69]. We detected
the transcript levels of genes that encoded such trans-
porters — MdSOS1, MdSOS2, MdSOS3, MdNHX1,
MdNHX2, MdNHX4, MdNHX6, MdAKT1, MdAKT2/3,
MdKAT1, and MdKEA2 - and found that they were in-
duced to remarkable levels in all genotypes under saline
conditions. Compared with WT plants, overexpression of
MdANAT?7 also showed higher transcript levels for genes re-
lated to salt tolerance, while the opposite was noted for the
Ri lines (Fig. 6d—n). The same pattern was noted for the
concentrations of Na* and K", with levels of the former
found at lower levels in Oe plants and amounts of the latter
found at higher levels under saline conditions (Fig. 6a—c).
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Therefore, overexpression of MdNAT7 reduced Na'/K*
values in the leaves, while interference with MdNAT?7 en-
hanced them.

Conclusion

In summary, apple MANAT7 might transport xanthine
and uric acid that could scavenge ROS more efficiently
by enhancing H,O,-scavenging enzymes and the con-
centrations of xanthine and uric acid under salt stress.
Additionally, MANAT?7 could also maintain ion homeo-
stasis by activating the expression of genes encoding ion
transporters using certain unknown mechanisms. Our
results provide evidence that overexpression of MdNAT7
confers salt tolerance, rendering this gene a promising
candidate for future crop salt tolerance breeding in apple
rootstocks, although general attitudes towards genetic
engineering are prudent. Meanwhile, xanthine and uric
acid have the potential to be applied in crop production
to resist salinity stress.
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apple plants were collected under normal growth conditions. Data are
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were made at 0, 6 and 12 days of treatment. Data are the means and SDs
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