Plant Science 294 (2020) 110444

= Plant ‘
Science

Contents lists available at ScienceDirect

Plant Science

journal homepage: www.elsevier.com/locate/plantsci

Increased autophagic activity in roots caused by overexpression of the
autophagy-related gene MdATG10 in apple enhances salt tolerance

Check for
updates

Liuqing Huo, Zijian Guo, Xin Jia, Xun Sun, Ping Wang, Xiaoqing Gong*, Fengwang Ma*

State Key Laboratory of Crop Stress Biology for Arid Areas/Shaanxi Key Laboratory of Apple, College of Horticulture, Northwest A&F University, Yangling, Shaanxi
712100, China

ARTICLE INFO ABSTRACT

Keywords: Autophagy is a conserved pathway to degrade and recycle damaged proteins and organelles, which has generally
Autophagy been reported to play an important role in plant adaption to various abiotic stressors. Here, we isolated a new
Salt stress apple autophagy-related gene, MAATG10, from Malus domestica. Expression of MAATG10 was induced by salt
MAATG10 stress, particularly in roots. To investigate the effects of increased autophagic activity on salt tolerance of apple,
gggle we generated three MAATG10-overexpressing apple lines and exposed them to salt stress. The transgenic apple

plants exhibited enhanced salt tolerance, accompanied by slightly damaged photosynthetic ability and a milder
growth limitation under the salt treatment. In addition, damage to growth and vitality of the root system caused
by the salt treatment was alleviated by overexpressing MdATG10. Furthermore, reduced accumulation of Na*
and a lower Na™: K™ ratio was detected in the MAATG10-overexpressing apple lines under salt stress. The salt
treatment induced expression of genes involved in ion homeostasis in transgenic apple roots. These results

Ion homeostasis

demonstrate a promoting role of autophagy in ion transport when plants encounter salty conditions.

1. Introduction

Soil salinity is a major environmental constraint that detrimentally
affects the growth and development of plants, limiting agricultural
productivity worldwide. Almost all crop plants are highly salt sensitive,
including apple trees, so they cannot tolerate high soil salt concentra-
tions [1]. Sodium chloride (NaCl) is the most widespread soil salinity
factor [2]. Under NaCl stress, plants encounter hyperosmotic stress and
subsequent hyper-ionic imbalance, leading to disrupted plant physio-
logical processes and limitations to plant growth and productivity [2,3].

Salt stress initially causes an imbalance in key physiological pro-
cesses, such as seed germination, root growth, and leaf gas exchange
[4-6]. In addition, the proteins and nucleic acids of plant cells become
severely damaged when challenged with salinity stress [7]. Conse-
quently, a decrease in biomass and yield are commonly observed in
plants under salt stress [8]. Salt tolerance of crop plants includes the
ability to alleviate inhibited growth, and reestablishment of home-
ostasis [9]. Plants have developed several strategies to protect them-
selves from salt stress. First, with the decrease in the chlorophyll con-
centration, salt stress can affect the photosynthesis rate of plants,
suggesting that the ability of plants to maintain appropriate photo-
synthetic performance could be an important factor in plant salt tol-
erance [10]. Moreover, to avoid Na* overload inside of cells, plants
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have evolved adaptive molecular mechanisms in response to salt stress,
including reduced absorption of NaCl by roots and its exclusion and
compartmentalization in tissues and cells [11].

Salt treatment activates various ion transporters, which mediate
ionic homeostasis and Na™ tolerance in plants [12]. Among them, the
salt overly sensitive (SOS) pathway has been well characterized and is a
key determinant of Na* homeostasis [13]. Na* efflux from the cyto-
plasm to the apoplast is mediated by the plasma membrane Na*/H™
antiporter SOS1 [14]. The serine/threonine protein kinase SOS2 phos-
phorylates and activates SOS1 and interacts with the calcium-binding
protein SOS3 [13]. Overexpression of AtSOS1 in Arabidopsis improves
salt tolerance by limiting Na* accumulation in cells [15]. In addition,
vacuolar partitioning of Na* from the cytoplasm is mediated by the
tonoplast Na*/H* exchanger NHX, and overexpressing MANHX1 in
apple rootstock M.26 enhances salt resistance [16]. HKT1 is considered
to be a key salt tolerance determinant that coordinates with SOS1 in the
response to salt stress [17]. In Arabidopsis, HKT1 recirculates Na* from
the shoot to the roots and decreases Na™ accumulation in shoot tissues
[18]. Moreover, the K* transporter AKT1 has been reported to mod-
ulate K* homeostasis in Arabidopsis by mediating K* influx into plant
cells and displaying more selectivity for K* than Na™ [19].

Autophagy is an important pathway for plant cells to recycle da-
maged proteins and organelles, and it is positively involved in plant salt
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stress adaptation [20]. Several lines of evidence have demonstrated that
autophagy is quickly induced by salt stress. For example, salt treatment
induces autophagic activity in Arabidopsis, concomitant with upregu-
lation of AtATG18a expression [21]. In addition, the effect of salinity on
autophagy in roots is also important for salt resistance in plants. Ex-
posing roots to NaCl results in its accumulation in the autophagosome
of pepper [22], Arabidopsis [21], tobacco [23], and rice [24], accom-
panied by activation of the core ATG genes. Autophagy-deficient plants
exhibit hypersensitive to salinity stress. For example, seed germination
and growth of RNAi-AtATG18a plants is more sensitive to salt condi-
tions [21]. The autophagy-deficient mutants atg5 and atg7 exhibit
sensitivity to salt treatment [25]. In addition, suppressing the ATI1 and
ATI2 genes, which bind to the ATG8 protein, renders Arabidopsis plants
more sensitive to salt stress [26].

Two ubiquitin-like conjugation systems were originally identified in
yeast and are largely conserved in all eukaryotes to properly form au-
tophagic vesicles [27]. The ATG10 gene has been demonstrated to
function as an E2-like enzyme, which is essential for ATG12-ATG5
conjugation in Arabidopsis [28]. In addition, two rice ATG10 genes have
been characterized and rice atglOb mutants are sensitive to high salt
treatment, accompanied by increased amounts of oxidized proteins in
salt-treated atglOb mutant seedlings [24]. Here, we isolated a homo-
logous sequence of Arabidopsis AtATG10 in apple and named it
MdATG10. We obtained three MdATG10-overexpressing (OE) apple
lines and using them to investigate the effects of increased autophagic
activity on salt tolerance in apple. The results showed that the trans-
genic apple plants exhibited enhanced salt tolerance, accompanied by
less damaged photosynthetic ability and milder growth limitation under
the salt treatment than the control condition. In addition, Na™ accu-
mulation and K* deficiency under salt stress was also alleviated in
transgenic plants, particularly in the roots. As the salt treatment in-
duced expression of genes involved in ion homeostasis in transgenic
apple roots, we believe that ion homeostasis of apple roots was im-
proved by overexpressing MdATG10, thereby improving salt tolerance
in apple.

2. Materials and methods
2.1. Plant materials and salt treatments

Mature leaves were collected from three 2-year-old apple (Malus
domestica Borkh. “Golden Delicious”) plants growing at the
Horticultural Experimental Station of Northwest A&F University
(Yangling, Shaanxi, China) to clone MdATG10 and its promoter.

Seedlings of wild-type tobacco (Nicotiana benthamiana) and two
homozygous T3 transgenic lines were used. Seeds were sterilized and
sown on Murashige and Skoog (MS) medium. Five-day old seedlings of
uniform size grown on MS agar plates were transferred vertically into
unmodified media or MS media supplied with 100 mM NaCl for 5d.
Seedlings were grown at 25 °C under a 14 h light/10 h dark cycle.

GL-3 is a derivative line isolated from the apple cultivar ‘Royal
Gala’, which has a high regeneration capacity and is susceptible to
Agrobacterium [33]. Tissue-cultured GL-3 plants were cultured as de-
scribed previously [29], and they were sub-cultured every 4 weeks.
After 30d on rooting media, transgenic and wild-type (WT) apple
plantlets were transferred to a growth chamber and cultivated using a
method described previously [29]. After 40d of acclimation in the
growth chamber, transgenic and WT apple plants of similar size were
transferred to a hydroponics system, as described previously [30]. After
a 2-week preincubation, plants of uniform size were selected for
treatment in half-strength Hoagland’s nutrient solution supplemented
with 120 mM NaCl. Plants cultured in normal half-strength Hoagland’s
nutrient solution were used as the control. Control and treated GL-3
plants were divided into roots, stems, and leaves 24 h after applying the
salt for the MAATG10 expression analysis. After 12 d of this experiment,
the fourth through sixth leaves from the apex of the stem (fully mature
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leaves) were sampled from six plants per strain for damage analyses,
and the roots were sampled from nine plants per strain.

2.2. Sequence analysis, construction of plasmids, and subcellular
localization

Homologous sequences and putative conserved domains were pre-
dicted from the NCBI BLASTp program. The sequences were aligned
with homologues sequences from other species using DNAMAN 6.0
with default parameters. Phylogenetic trees were constructed using
MEGA 10.0 software and the neighbor-joining method was performed
with 1,000 replications for the bootstrap analysis. Putative cis-reg-
ulatory elements in the MdAATG10 promoter region were examined with
the PlantCARE program.

To construct vectors for subcellular localization and for the trans-
genic lines, the MdATG10 coding region was introduced into the
pGWB405-GFP and pCambia2300 vectors, both driven by the CaMV
35S promoter and carried by the kanamycin (Kan) selectable marker in
plants. To generate the ProMdATG10: GUS construct, a 1,981-bp
genomic promoter sequence upstream of the MdATG10 coding region
was amplified separately and inserted into the pGWB433 vector. After
being confirmed by PCR and sequencing analysis, the resulting plasmids
were transformed into Agrobacterium tumefaciens strain EHA105 by
electroporation. The primers used for constructing the vector are listed
in Supplemental Table S2.

Leaves of 5-week-old tobacco (N. benthamiana) were transiently
transformed to determine subcellular localization, as described pre-
viously [31]. Three days later, green fluorescent protein (GFP) signals
in transformed tobacco leaves were observed using confocal micro-
scopy, and the images were processed with FV10-ASW software.

2.3. Transformation of tobacco and apple plants

Wild-type tobacco (N. benthamiana) seedlings were transformed
using the A. tumefaciens EHA105-mediated leaf dip method [32]. The
polymerase chain reaction (PCR)-positive plantlets were transplanted
into soil in the growth chamber. After the transgenic plants were har-
vested individually, the seeds were screened on MS medium supple-
mented with 50 mgL~! Kan. T, homozygous lines were obtained after
selecting transgenic lines at a 3:1 segregation ratio, and the T3 seeds
were collected.

GL-3 apple plants were used as the genetic background and
Agrobacterium-mediated leaf fragments were transformed as described
previously [33]. Regenerated Kan-resistant buds were sub cultured
every 4 weeks on MS medium containing 25 mg L ™! Kan as a selectable
marker. Lines showing normal growth were evaluated by PCR analysis.
Overexpression of MAATG10 was confirmed by quantitative real-time
PCR (qRT-PCR). Untransformed GL-3 plants were cultured in the same
way without selection pressure and served as the control.

2.4. RNA extraction, DNA isolation, and qRT-PCR analysis

Total RNA was extracted using a Wolact® plant RNA isolation kit
(Wolact, Hong Kong, China). 1 pg of total RNA was used to synthesize
first-strand cDNA using the RevertAid First Strand cDNA Synthesis Kit
(Thermo Scientific, Waltham, MA, USA). Genomic DNA was isolated
with the Wolact® Plant Genomic DNA purification kit. The qRT-PCR
analysis was carried out as described previously [34]. Three biological
replicates were conducted in each assay, and values were calculated
using MdMDH as the endogenous control [35]. The relative expression
level of each gene was obtained according to the 27 24CT ethod [36],
and the specificity of each gene was determined by a dissociation curve
analysis. The gene-specific primers are shown in Supplemental Table
S2.
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2.5. Physiological analysis and GUS histochemical staining

Relative electrolyte leakage (REL) and total chlorophyll concentra-
tions in leaves were determined according to methods described pre-
viously [29,37]. Na* and K* concentrations were determined by flame
spectrometry (M410; Sherwood Scientific, Cambridge, UK) as described
previously [38].

On day 6 of the hydroponics experiment, the net photosynthesis rate
(Pn), stomatal conductance (Gs) and intercellular CO, concentration
(Ci) were monitored between 9:00 and 11:00 a.m. as described pre-
viously [38]. Data were collected from fully expanded, fully light-ex-
posed leaves from eight plants.

The GUS staining of transgenic tobacco was performed using 5-
bromo-4-chloro-3-indolyl-p-glucuronide as the substrate, as described
previously [39].

2.6. Growth measurements and observation of autophagosomes

Nine plants per strain were collected after the hydroponic salt
treatment to evaluate differences in growth among the different geno-
types. Plant height was measured from the stem base to the terminal
bud of the main stem. Whole plants were divided into root, stem, and
leaf portions. The fresh and dry weights were measured as described
previously [38]. Briefly, after the fresh weight of each sample plant was
recorded, the dry weight was obtained after the plants were fixed at
105 °C for 15 min and oven-dried at 75 °C for at least 72h to constant
weight. Relative growth was calculated as the weight of the salt-treated
plant divided by the weight of the control plant.

The autophagosomes were observed under a JEOL-1230 transmis-
sion electron microscope (TEM, Hitachi, Tokyo, Japan) as described
previously [29].

2.7. Measurements of root activity and root hydraulic conductance

To analyze root activity, fresh and white root samples were col-
lected at the end of the stress treatment. The triphenyl tetrazolium
chloride (TTC) method was applied to monitor root activity, which was
defined as the capacity for deoxidization (mg g’l FW h™1) [34].

Root hydraulic conductance was measured using a pressure
chamber (Model 3500) according to a method described previously
[40].

2.8. Statistical analysis

SPSS 16.0 software (SPSS Inc., Chicago, IL, USA) was used for the
statistical analysis. Three independent replicates were used for each
determination. Experimental data are presented as mean * standard
error. The statistical analysis was performed by one-way analysis of
variance followed by Tukey’s multiple range test. A P-value < 0.05
was considered significant.

3. Results

3.1. Molecular cloning, sequence analysis, and subcellular localization of
MdATG10

Using Arabidopsis AtATG10 (AT3G07525) to blast against the apple
genome, we identified a homologous sequence in M. domestica and
named it MdATG10. The 690-bp open reading frame (ORF) encoded a
229 amino acid-deduced protein. Protein alignment revealed high
homology between the MdAT10 protein and other ATG10 proteins from
A. thaliana (44.78 %), Glycine max (47.39 %), Nicotiana tabacum (40.30
%), Populus euphratica (51.49 %), and Solanum lycopersicum (39.93 %)
(Fig. 1a). There was a conserved HPC motif among all aligned se-
quences, and the cysteine residue within the HPC motif is the putative
active-site residue unique to autophagic E2 enzymes for recognizing the
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ATGS5 subunit of the autophagosome complex [41]. The phylogenetic
tree analysis indicated that the MAATG10 protein formed a close cluster
with AtATG10 and PeATG10 (Fig. 1b).

To investigate subcellular localization of MdATG10, we fused its
ORF with the GFP at the N-terminus under control of the CaMV35S
promoter. For transient expression in tobacco epidermal cells, the
fluorescence observations indicated the presence of the MAATG10-GFP
fusion protein in the cytoplasm and nucleus of the cells (Fig. 1c). In
addition, we cloned the MdATG10 promoter region and analyzed it in
silico using the PlantCARE online program, revealing the presence of
several recognized stress-responsive cis-elements (Fig. S1, Table S1).

3.2. Salt-responsive expression patterns of MAATG10 in different tissues

We used GL-3 apple plants cultured in a hydroponic system to de-
termine whether expression of MdATGI0 is induced by salt stress.
Under normal hydroponic conditions, the MdATG10 transcription level
was similar in roots and stems, and it was almost two-fold higher in
leaves. After a 12h 120 mM NacCl treatment, MdATG10 expression in-
creased in all three tissues of apple plants, and it increased most in
roots. The transcripts were upregulated 5.3-fold in roots, 3.8-fold in
stems, and 1.6-fold in leaves in response to the salt treatment (Fig. 2a).

In addition, using pro-MdATG10-GUS transferred Nicotiana plants
(Fig. S2), we detected strong staining in the roots of two transgenic lines
P-10 and P-17 in response to salt treatment, while staining was rela-
tively lighter under the control condition (Fig. 2b). These results sug-
gest that MdATG10 is induced by salt stress, particularly in roots.

3.3. Overexpression of MAATG10 enhances salt tolerance in apple

To further valid the roles of MAATG10 under salt stress in apple, we
constructed an overexpression vector with its ORF and transformed it
into GL-3 apple plants. We obtained three overexpressing (OE) lines in
which MdATG10 expression levels were noticeably elevated compared
with the WT levels. The transcripts were constitutively increased by
49.5-, 146.8-, and 35.1-fold in the roots of lines OE-1, OE-4, and OE-5,
respectively, when compared with the levels of the untransformed WT
control (Fig. 3a, b).

We used a hydroponic system to investigate performance of the
apple plants in a 120 mM NacCl treatment. Under normal conditions, the
phenotypes did not differ between the OE lines and WT (Fig. 3c). Al-
though a 12-d salt stress treatment led to conspicuous damage in all
apple plants, leaves of WT plants showed more brown stains compared
with those of the OE lines (Fig. 3c). Due to the salt damage, significantly
increased REL was detected in all genotypes, but it was still much lower
in the transgenic lines than in the WT (Fig. 3d). The salt treatment led
to degradation of total chlorophyll concentrations in plants, but they
were still higher in the OE lines than in the WT (Fig. 3e). After the salt
treatment, plant height decreased among the genotypes, but the re-
duction was much smaller in OE plants than in the WT (Fig. 3f). These
results show that overexpressing MdATG10 conferred higher tolerance
to salt stress in apple.

3.4. Apple lines over-expressing MAATG10 maintain a higher
photosynthetic capacity and growth under salt stress

To examine damage to the photosynthetic capacity of different
apple lines under salt stress, we measured their gas exchange para-
meters 6 d after the salt treatment. Under normal conditions, no sig-
nificant difference was found among the genotypes in terms of photo-
synthesis rate (Pn), stomatal conductance (Gs), or intercellular CO,
level (Ci). Salt stress significantly decreased Pn among the genotypes,
but it was approximately 1.4 times higher in the OE lines than that in
WT plants (Fig. 4a). Gs and Ci followed a similar trend (Fig. 4b, c).
These data suggest that the photosynthetic ability of plants over-ex-
pressing MAATG10 was less damaged under the salt treatment.
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Fig. 1. Sequence analysis and cellular localization of MAATG10. (a) Alignment of deduced ATG10 amino acid sequence from Malus domestica (Md), Arabidopsis
thaliana (At), Populus euphratica (Pe), Glycine max (Gm), Nicotiana tabacum (Nt), and Solanum lycopersicum (SI). (b) Phylogenetic analysis of MAATG10 protein with
ATG10 proteins from other species. (c) Subcellular localization analysis of MAATG10-GFP fusion protein in tobacco epidermal cells.

In addition, the decrease in growth rates was retarded in OE plants
during the salt treatment period. When compared with plants cultured
under normal conditions, the total fresh weight of the WT decreased to
55.6 % of the control after the salt treatment, while those of the OE
lines decreased to 81.7 % in OE-1, 74.0 % in OE-4, and 76.2 % in OE-5
(Table 1). The fresh weights of the roots, stems, and leaves also showed
less of a decrease in the OE lines. Dry weights revealed the same trend
(Table 2). These results suggest that the adverse effect of salt stress on
biomass production of the apple lines was effectively eased by over-
expressing MdATG10.

3.5. Apple lines over-expressing MAATG10 maintain better root activity
under salt stress

In addition to the salt damage to leaves, we also observed differ-
ences in root growth among the genotypes. Root growth was inhibited
under salt stress, but the inhibition was partially alleviated in the OE
lines, as represented by more vibrant white roots (Fig. 5a). TTC staining
is commonly used as an H* receptor and we observed the reduction
ability of root cells was induced among all genotypes under salt treat-
ment, which was increased higher in OE lines (Fig. 5b). Additionally,
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Fig. 2. The expression of MAATG10 is induced by salt treatment. (a) Changes in
the expression of MdATGI10 in different tissues of GL-3 apple plants after
treating with 120 mM NaCl for 12h. (b) Gus staining of pro-MdATG10-GUS
transferred Nicotiana plants without or with 100 mM NacCl for 5d. P-10 and -17,
pro-MdATG10-GUS transferred Nicotiana plants. Bars: 2 mm.

root hydraulic conductivity decreased significantly under salt stress, but
was much higher in the OE lines than in the WT plants (Fig. 5c). While
no significant difference was found in root hydraulic conductivity
among the genotypes under the control condition, the root hydraulic
conductivity of the OE lines was almost two times that of the WT after
the salt treatment, suggesting a better ability of roots to take up water
under salt stress.

3.6. Overexpression of MAATG10 reduces the Na* /K™ ratio in apple under
salt stress

As a balanced Na* /K™ ratio is an important characteristic for salt
tolerance, we measured the levels of Na* and K* in the roots, stems,
and leaves at the end of the experiment. The salt treatment greatly
improved the accumulation of Na* in different tissues, but the increase
was still lower in the OE lines compared with the WT. In addition, the
difference was most significant in roots (Fig. 6a—c). The K* con-
centrations in different tissues decreased after the salt treatment, but
the reduction was alleviated in transgenic plants. Although the
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difference was not always significant in terms of different tissues, the
K™ concentrations were still higher in all transgenic lines than in the
WT (Fig. 6d—f). As a result, the Na*/ K* ratios in the different tissues
were markedly lower in the OE lines than the WT, particularly in roots
(Fig. 6g-i).

Due to the significant difference in the Na*/K* ratios of roots, we
examined the expression of genes involved in the maintenance of ion
homeostasis in the roots of all genotypes. The transcript levels of three
genes in the salt overly sensitive (SOS) pathway, i.e., MdSOS1, MdSOS2,
and MdSOS3, increased after the salt treatment, particularly MdSOS1,
and they were all expressed higher in the transgenic lines than in the
WT (Fig. 7a—c). The expression pattern of MANHX1 (Na*/H™* anti-
porter 1) showed the same trend (Fig. 7d). In addition, expression of
MdAAKT1 (K" transporter 1) was downregulated by salt stress in WT
plants, but it was upregulated almost two-fold in transgenic plants
(Fig. 7e). The MdHKT]1 transcripts (high-affinity K* transporter 1) were
induced by salinity treatment and were expressed at higher levels in WT
plants (Fig. 7f). These findings indicate that tolerance of the transgenic
apple plants to salt stress was correlated with balance of the Na* /K*
ratio.

3.7. Salt stress-induced autophagy in apple roots is intensified in the
transgenic lines overexpressing MAATG10

Autophagy is activated in plants under stress. To assess the change
in autophagic activity in apple roots in response to salt stress, we ex-
amined the expression of several autophagy-related genes in the roots
of all genotypes after salt treatment, including MdATG3a, MdATG3b,
MAATGS5, MdATG7a, MdATG7b, MdATG8c, MdATG8f, MdATGS8i, and
MdATG18a. Apparently, the transcript levels of most detected MdATGs
were induced by salt stress in the roots, and they were all expressed at
higher levels in the OE lines than in the WT. Transmission electron
microscopy revealed higher autophagic activity in the roots of the
transgenic lines under salt stress than in the WT. A few autophagosomes
were observed in the roots of all genotypes under normal conditions.
After the salt treatment, an increase in the number of autophagosomes
was detected in root tissues, and the number of autophagosomes ac-
cumulated in the OE lines was twice as many as in the WT plants. These
results indicate that autophagy is triggered in apple roots by salt stress
and was intensified in the OE lines.

4. Discussion

Autophagy is a bulk degradation pathway in which cellular com-
ponents are enveloped by autophagosomes and transported into va-
cuoles to maintain cellular homeostasis [21,42]. The autophagosomes
are induced under stress conditions, such as salt or drought stress, and
the important roles of autophagy in plant resistance have been de-
monstrated in model plants [21,25]. Here, we charaterized an im-
portant autophagy-related gene, MdATG10 in apple, and used
MdATG10-OE apple plants to investigate the effects of increased au-
tophagic activity on salt tolerance in apple.

The MdATG10 protein had a conserved HPC motif and presented
high homology with other ATG10 s from various plant species (Fig. 1a,
b). The subcellular localization analysis showed that the
MdAATG10-GFP fusion protein occurred in the cytoplasm and nucleus of
tobacco epidermal cells (Fig. 1c). In addition, we isolated the MdATG10
promoter region and obtained pro-MdATG10-GUS transferred Nicotiana
plants (Figs. S1, S2). A previous study in Arabidopsis reported that au-
tophagic flux is induced rapidly by NaCl treatment in Arabidopsis root
cortex cells [43]. After analyzing the changes in expression of
MdATG10 in the roots, stems, and leaves of GL-3 apple plants after a
12 h salt treatment, we found that it was also induced by salt stress in
all three tissues, particularly in roots (Fig. 2a). Consistent with this
observation, higher GUS activity was detected in the roots of pro-
MdATG10-GUS transferred Nicotiana plants under the salt treatment
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Fig. 3. Overexpression of MdAATGI10
confers enhanced salt tolerance in
apple. (a) PCR confirmation of trans-
genic apple plants. Lanes: M, molecular
marker DL2000; V, positive vector
containing  pCambia2300-MdATG10
plasmid; WT, non-transformed wild-
type; OE-1, -4 and -5, MdATG10-trans-
genic apple lines. (b) qQRT-PCR analysis
of MdATG10 transcripts in the roots of
Lines OE-1, OE-4 and OE-5. (c)
Phenotypes of WT and transgenic apple
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Fig. 5. Overexpression of MdATG10 in
apple leads to better root growth under
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Fig. 7. Changes in transcript levels of genes involved in ion homeostasis in the apple roots following salt treatment. Changes in expression of (a) MdSOS1, (b)
MdS0S2, (c) MdS0OS3, (d) MdAKT1, (b) MANHX1, and (d) MdHKT]1 under salt treatment. Data are means of three replicates with SE.

compared with under the control condition (Fig. 2b).

We observed higher salt tolerance of the OE lines by implementing a
hydroponic NaCl treatment in the WT and transgenic apple plants
(Fig. 3). Saline conditions affect the photosynthetic processes of plants
due to stomatal closure and the loss of photosynthetic pigments, leading
to a limitation in growth [44]. The ability of plants to maintain higher
photosynthetic ability could be an important factor in plant salt toler-
ance [45]. In this experiment, the photosynthetic ability of transgenic
plants was less damaged during the salt treatment compared with the
WT (Fig. 4), and the total chlorophyll concentrations in the OE lines
were higher than those in WT plants (Fig. 3e). Combined with the better
biomass production of the transgenic lines under salt stress, we believe
that MdATG10-overexpression could enhance salt tolerance in the
plants by decreasing damage to their photosynthetic systems.

Salt stress is first perceived by the root system, and root growth is
significantly inhibited under salt treatment [7]. The decrease in the root
hydraulic conductivity caused by salt stress reduces water transport
from the soil to the plant, affecting leaf water status and therefore
growth and other physiological responses of the plant [46]. Further-
more, the weak root system under the salt treatment inhibits uptake of
essential nutrients from the roots, leading to nutrient imbalances and a
significant loss in productivity [47,48]. Here, we found that the in-
hibited root growth caused by salt stress was apparently alleviated in
the OE lines, and root hydraulic conductivity was much higher in the
OE lines than WT plants after the salt treatment (Fig. 5). These results
indicate that MdATG10-overexpression could protect the growth and
vitality of the root system under salt stress, thereby reducing salt da-
mage to the apple plants.

Ionic toxicity is one of the main threats imposed by salt stress on
plants, which is associated with excessive Na™ uptake, leading to K™
deficiency and to other nutrient imbalances [2,49]. The accumulation
of toxic ions in the root zone also leads to a decrease in the root osmotic
potential, causing irreversible damage to roots [50]. The capacity to
maintain a suitable Na*: K* ratio has been proposed to be a major
adaptive trait of salt-tolerant plants, as it is indispensable for sustaining
normal functions of plant organelles in response to salt stress [4,51].
Herein, we also found that the enhanced salt tolerance of the OE lines
was consistent with reduced accumulation of Na* and a lower Na™: K*
ratio, and this difference was most pronounced in the roots of OE and
WT plants (Fig. 6). As the expression of many genes changed in re-
sponse to salt stress [52,53], we measured the expression of genes

involved in the maintenance of ion homeostasis in the roots of all
genotypes to investigate whether autophagy affected these genes in
roots.

As results, the salt treatment induced expression of the three genes
involved in the SOS pathway in apple roots, which is a highly conserved
pathway in plants to export Na™ ions out of cells [53]. The increase in
MdSOS1, MdSOS2, and MdSOS3 expression was higher in the transgenic
plants (Fig. 7a—c), suggesting a greater ability of the roots of OE plants
to increase Na* efflux under the salt treatment. In addition, the same
tendency was also found in the expression of MdANHX1 (Fig. 7d), sug-
gesting that the transgenic lines might stimulate a more active me-
chanism to separate Na* into vacuoles to reduce cytoplasmic ion
toxicity in the plants under salt treatment. The AKT1 gene expressed in
epidermal and cortex cells of Arabidopsis roots has been identified as an
important K™ channel that mediates K* uptake from soil into roots
[19]. Here, we found that the MdAKTI1 transcript level was down-
regulated by salt stress in WT plants but upregulated in the transgenic
lines (Fig. 7e), which is consistent with the higher K concentrations in
the roots of OE lines compared with the WT after the salt treatment. The
MdHKT] transcript was also induced by the salt treatment but it was
expressed at a higher level in WT plants (Fig. 7f), which might be the
reason why the difference in the Na™: K* ratio among genotypes was
not as significant in leaves as in roots. In conclusion, the increased
autophagic activity affected ion homeostasis in apple roots, thereby
maintaining an optimal cytoplasmic Na*: K* ratio, which was con-
ducive to root development and growth while plants were growing
under a relatively high salt condition.

We also detected stronger autophagic activity in the roots of
transgenic plants, which was supported by the fact that other MdATG
genes were upregulated higher and autophagosomes formed more fre-
quently under the salt treatment (Fig. 8). The conserved function of
autophagy to degrade and recycle damaged proteins and organelles
plays an important role when plants encounter abiotic stress [20,54].
HsfAla has been demonstrated to play a critical role in tomato plant
drought tolerance by activating the expression of ATGI0 and ATG18f
and inducing the formation of autophagosomes [54]. In this study, we
also demonstrated that increased autophagic activity in roots caused by
overexpression of MdATGI10 in apple enhanced their salt tolerance.
Damage to the growth and vitality of the root system caused by the salt
treatment was alleviated by MdATG10-overexpression, which promoted
the absorption of water and nutrients by apple plants under the salt
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Fig. 8. Expression of other MdATGs and formation of autophagosomes in apple roots under salt stress. (a) Changes in expression of other MdATGs in the roots of WT
and MdATG10-OE plants following salt stress. (b) Representative TEM images of autophagic structures in mesophyll cells from the roots of WT and MdATG10-OE
plants. Autophagic bodies are indicated by arrows. Bars: 1 um. (c) Relative autophagic activity normalized to the activity of WT or MdATG10-OE plants shown in (b).
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differences between treatments, according to one-way ANOVA followed by Tukey’s multiple range test (P < 0.05).

condition. In addition, we revealed that ion homeostasis of roots under
salt treatment was improved in apple plants overexpressing MdATG10,
suggesting a possible linkage between autophagy and ion transport in
response to salt stress.
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