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The  efficient  degradation  system  of autophagy  in  plant  cells  has  important  roles  in  removing  and  recy-
cling  intracellular  components  during  normal  development  or under  environmental  stresses.  Formation
of  autophagosomes  requires  the  conjugation  of ubiquitin-like  protein  ATG8  to phosphatidylethanolamine
(PE). We  isolated  two ubiquitin-conjugating  enzyme  E2-like  ATG3  homologues  from  Malus  domestica  −
MdATG3a and  MdATG3b  − that  are  crucial  for  ATG8-PE  conjugation.  Both  share  a conserved  N-terminal,
as  well  as  the  catalytic  and  C-terminal  domains  of  ATG3  with  HPC  and  FLKF  motifs.  Each  promoter  was
isolated  from  genomic  DNA  and contained  several  cis-acting  elements  that  are  involved  in responses  to
environmental  stresses  or hormones.  In addition  to  having  the same  cellular  localization  in  the  nucleus
and  cytoplasm,  MdATG3a  and  MdATG3b  showed  similar  expression  patterns  toward  leaf  senescence,
nitrogen  starvation,  drought,  salinity,  and  oxidative  stress  at the  transcriptional  level. Ectopic  expression
rabidopsis
utophagy
verexpression

of  either  in  Arabidopsis  conferred  tolerance  to osmotic  or salinity  stress  and  also  improved  growth  per-
formance  under  nitrogen-  or carbon-starvation.  Callus  lines  of ‘Orin’  apple  that  over-expressed  MdATG3b
also  displayed  better  growth  performance  when  nutrient  supplies  were  limited.  These  overall  results
demonstrate  that,  as  important  autophagy  genes,  overexpression  of  MdATG3s  can  afford  tolerance  to
multiple  abiotic  stresses  at  the cellular  and  whole-plant  level.

©  2016  Elsevier  Ireland  Ltd.  All  rights  reserved.
. Introduction

Global climate changes are threatening agriculture due to great
ressures from human population growth and industrialization.

ncreased attention by farmers, scientists, and policy makers is
eeded to sustain productivity and future crop cultivation. Envi-
onmental hazards can reduce plant quality, yields, and biomass
roduction [1]. Common abiotic challenges include drought, salt,
xidative, and nutrient stresses that arise from water shortages,
on toxicity, reactive oxidative species (ROS) bursts, nitrogen (N)
epletion in the soil, or carbon (C) deficiencies. Under such adverse
onditions, plant cells undergo rapid fluctuations to adapt their
etabolism and protect themselves against potential damage. This
nvolves the concerted action of diverse stress-response pathways
t the cellular or physiological level. One key cellular pathway that

∗ Corresponding author.
E-mail addresses: fwm64@sina.com, fwm64@nwsuaf.edu.cn (F. Ma).

1 These authors contributed equally to this work.
2 Present address: Department of Genetics, Development and Cell Biology, Iowa

tate University, Ames, IA 50010, USA.

ttp://dx.doi.org/10.1016/j.plantsci.2016.12.003
168-9452/© 2016 Elsevier Ireland Ltd. All rights reserved.
mediates stress-induced metabolic adaptations and damage con-
trol is macroautophagy (hereafter, ‘autophagy’).

Autophagy is a conserved biological process that entails the
degradation of cytoplasmic organelles or cytosolic components for
recycling in eukaryotic cells [2]. Cellular autophagy begins with the
formation of double-membraned vesicles and autophagosomes,
which then sequester proteins or organelles or portions of the
cytoplasm for delivery to the lysosome or vacuole. The process
ends with the degradation of these components and recycling to
maintain nutrient and energy homeostasis [3]. It comprises four
steps: induction and cargo selection, nucleation and expansion,
docking and fusion, and breakdown and export [4]. Researchers
have identified and characterized more than 30 autophagy-related
genes (ATGs) in yeast by genetic screening [4,5]. Homologues and
functions for many of those genes have now been characterized
in mammalian species [6] and plants [7,8]. The relevant proteins
fall into several functional groups, including ATG1 kinase com-
plex, ATG2/9/18 transmembrane complex, phosphatidylinositol
3-kinase (PI3 K) complex, and two ubiquitin-like protein (ATG8

and ATG12) conjugation systems [5]. Both conjugation systems are
essential for the biogenesis of membrane isolation and expansion.
The ATG8-PE system is required for autophagosome transport and
maturation, as well as for the specific selection of autophagic cargo

dx.doi.org/10.1016/j.plantsci.2016.12.003
http://www.sciencedirect.com/science/journal/01689452
http://www.elsevier.com/locate/plantsci
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2]. For conjugation to PE, ATG8 with a C-terminal glycine residue
s activated by ATG7 (E1-like) and transferred to ATG3 (E2-like). In
itro reconstitution studies have revealed that ATG3, ATG7, ATG8,
TP, and PE-containing membranes are necessary for this conju-
ation of ATG8 with PE [9]. Although most E2 enzymes require E3
nzymes, ATG3 itself is catalytically competent for ATG8-PE forma-
ion [10].

Nitrogen depletion and carbon starvation are the most potent
hysiological stimuli that induce autophagy. Various Arabidopsis
tg-mutants, e.g., atg7-1,  atg9-1,  atg4a4b-1,  atg5-1,  and atg10-1,
re hypersensitive to nutrient-limiting conditions [11]. Transcripts
f some AtATGs  can be induced during sucrose starvation in a
oordinated manner [12]. Exposure to oxidative stress can also
timulate autophagy via ROS accumulations [13] or protein oxidiza-
ion [14,15]. In Arabidopsis, salinity or osmotic stress can activate
utophagy by up-regulating AtATG18a expression; AtATG18a RNAi
lants exhibit hypersensitivity to these two stresses [16]. Arabidop-
is AtATG8f and OsATG10b from Oryza sativa (rice) also function in
esponses to salt and osmotic stresses [17,18]. In addition to these
biotic challenges, autophagy plays a unique role in responses to
ndoplasmic reticulum (ER) stress [19,20] and high temperatures
21,22].

As one of the most economically important fruits worldwide,
roduction of Malus domestica (apple) is limited by various envi-
onmental stresses in the main cultivation area of northwestern
hina, a region that experiences frequent water deficits and deple-
ion of soil nutrients. Because autophagy has important roles in
biotic-stress responses, especially during periods of limited nutri-
nt availability, we focus on the function studies of core ATG
enes in apple, with emphasis on the necessary genes for ATG8-
E conjugation system. Previously, we isolated and characterized
wo important apple genes in the ATG8-PE conjugation system

 MdATG8i [23] and MdATG7s [24]. We  have found that they
ere induced transcriptionally by various abiotic stresses and their

verexpression led to improved tolerance to nutrient starvation
n Arabidopsis or apple callus [23,24]. Given that ATG3 catalyzes
rotein–lipid conjugation and is essential for the interaction with
E in the ATG8-PE conjugation system [25], we suppose that ATG3
orks with ATG8 and ATG7 in a synergetic way and might also
ave a potential to improve abiotic stress tolerance. To prove that
ssumption, in this study, we isolated and explored the functions
f ATG3s from apple, and tested their roles in abiotic stresses when
ver-expressed in Arabidopsis and apple calli. Their expression pat-
erns and phenotype of transgenic plants in response to abiotic
tresses indicated the potential and importance in stress tolerance
mprovement.

. Materials and methods

.1. Plant materials and treatments

Two-year-old plants of Malus domestica Borkh. cv. Golden
elicious were produced by grafting onto M.  hupehensis in the
reenhouse at the Horticultural Experimental Station of North-
est A&F University, Yangling, China. Leaves were marked as they

merged and samples were collected at different ages (from fully
ature to yellow) to analyze expression patterns during the senes-

ence process. Fully mature leaves were used for cloning MdATG3s
nd their promoter regions, as well as for performing a detach-
ent treatment under darkness to induce senescence, as previously
escribed [26].
For analyzing expression in various tissue types, we  obtained

uds, young shoots, stems, flowers, white roots, well-developed
ruits, and mature leaves from three eight-year-old ‘Golden Deli-
e 256 (2017) 53–64

cious’ trees growing at the Horticultural Experimental Station of
Northwest A&F University [23].

Seedlings of M.  hupehensis Rehd. growing in sand-filled pots
were used for stress treatments. To simulate N-depletion, we
watered approximately five-month-old seedlings with Hoagland’s
nutrient solution in which Ca(NO3)2 and KNO3 were replaced by
CaCl2 and KCl for 45 d. Control plants continued to receive the stan-
dard solution. For studying the effects of treatment with methyl
viologen (MV), salinity (excess NaCl), or dithiothreitol (DTT), three-
month-old seedlings were transferred to hydroponic culturing
conditions [27]. The MV,  NaCl, or DTT were added to individ-
ual Hoagland solutions to obtain final concentrations of 50 �M,
200 mM,  or 3 mM,  respectively. For drought treatment, three-
month-old seedlings were transferred to soil and grown for another
two months before they were progressively stressed by withhold-
ing normal irrigation for 10 d [28]. The leaves or roots from five
seedlings per treatment were sampled for RNA isolations.

For phenotyping transgenic Arabidopsis during a normal growth
period or in response to abiotic stress, wild-type (WT; Col-0) and
two homozygous T3 transgenic lines from each gene were used.
Morphological comparisons were made after sowing WT  and T3
seeds in soil and exposing the seedlings to long-day conditions (LD;
16-h photoperiod). Plants were photographed and the maximum
radius of a rosette was measured with an electronic digital caliper
on indicated days. Other seeds were sterilized and germinated on
a standard MS  medium. The resultant seedlings were exposed to
LD conditions, and bolting time was recorded as the time at which
the main inflorescence shoot had elongated to 5 mm long [29]. Pho-
tographs were taken at 25 d. In a separate examination, 7-day-old
uniformly sized seedlings were transferred for 15 d to either stan-
dard MS  plates or those supplemented with 200 mM mannitol or
100 mM NaCl. For testing the effects of N-starvation on Arabidopsis,
5-day-old uniformly sized seedlings were transferred to MS  con-
trol, N-depleted and N/Sugar-depleted agar plates and treated as
described previously [23]. Plants were photographed at 10 d and
25 d under a light microscope (DM2000; Leica, Germany), and fresh
weights and root lengths were recorded after 10 d. Our C-starvation
treatment also followed the method previously described [23]. As
an alternative test of C-starvation effects, seeds were sterilized and
germinated on standard MS  agar media under LD conditions. After
14 d, the plates were wrapped with aluminum foil and incubated
under darkness for another 14 d. Seedlings were photographed
every other day to record growth recovery after they were returned
to the LD scenario [30].

Transgenic and WT ‘Orin’ apple calli were used to investigate
growth responses to C- or N-deficiencies, based on treatments pre-
viously described [23]. Similarly, 0.02-g portions of 10-day-old calli
were transferred to the following treatment media for 20 d: (1)
MS control; (2) Low-sugar, with the sucrose concentration reduced
from 30 g L−1 to 3 g L−1; or (3) Low-nitrogen, with the N concentra-
tion decreased from 60 mM to 5 mM.

2.2. RNA extraction, cloning, and real-time PCR

After total RNA was  extracted by the CTAB method [31],
residual DNA was  digested by RNase-free DNase I (Invitrogen,
Carlsbad, CA, USA). First-strand cDNA was synthesized using the
RevertAidTM First Strand cDNA synthesis kit (Fermentas, Thermo
Scientific, Waltham, MA,  USA), all according to the manufac-
turers’ protocols. Using Arabidopsis ATG3 (AT5G61500) amino
acid sequence against the genome database of M.  domestica

(https://www.rosaceae.org/species/malus/all), two  homologues
were predicted and thus specific primers were designed. The cod-
ing sequences (CDS) of MdATG3s were amplified by high-fidelity
Platinum Taq DNA Polymerase (Invitrogen). Quantitative real-time
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CR was performed as previously described [23]. Specific primers
nd sequences are listed in Supplementary Table 1.

.3. Genomic DNA extraction and promoter isolation

Genomic DNA was extracted by an improved CTAB method
32], and PCR was performed with high-fidelity Platinum Taq
NA Polymerase, using specific primers for cloning promoter

egions (Supplementary Table 1). The PCR-amplified fragments
ere sequenced by Invitrogen Biotechnology Co., Ltd. (Shanghai,
ttp://www.invitrogen.com.cn).

.4. Sequence analysis

Sequence alignments with homologues from other species were
one by DNAMAN. Putative conserved domains were predicted
y Pfam (http://pfam.xfam.org/) and InterPro (https://www.ebi.ac.
k/interpro/). The cis-acting elements in the promoters were pre-
icted by the PlantCARE program (http://bioinformatics.psb.ugent.
e/webtools/plantcare/html/).

.5. Subcellular localizations

The CDS of MdATG3s were amplified with primers with XbaI
nd KpnI sites (Supplementary Table 1), and the stop codon was
emoved for green fluorescence protein (GFP) fusion expression at
he C-terminus. The PCR product was cloned into the pMD19-T sim-
le vector (Takara, Kyoto, Japan) and sequenced. Both the pMD19-T
lasmid and empty vector pBI221 (CaMV35S promoter and GFP
ag) were double-digested with XbaI and KpnI, then ligated by
4 ligase (Takara). Sequence-confirmed plasmids were transiently
ransformed into onion epidermal cells with a gene gun (Bio-Rad,
ercules, CA, USA), using the pBI221 empty vector as the control.
fter bombardment, the cells were cultured in an MS medium in

he dark at 22 ◦C for 20 h before being observed under a confocal
icroscope (Zeiss LSM, Minneapolis, MN,  USA).

.6. Yeast two-hybrid (Y2H) assays

Using the MdATG8i-pGBKT7 plasmid and a protocol similar
o that previously described [23], we separately cloned the CDS
f MdATG3a and MdATG3b into the pGADT7 vector (Clontech
aboratories, Inc., http://www.clontech.com/), using primers with
estriction sites (Supplementary Table 1). The constructs were co-
ransformed into yeast strain AH109 according to the Clontech
rotocol. Protein–protein interactions were examined by checking
he growth and color of transformed colonies on SD-Leu-Trp and
D-Leu-Trp-His-Ade + X-�-gal plates.

.7. Complementation assay in yeast atg3� mutant

For yeast expression, the CDS of MdATG3a and MdATG3b were
ecombined into the pYES2 vector (Invitrogen) by KpnI and EcoRI
ouble digestion. Primers were listed in Supplementary Table 1.
he pYES2-MdATG3a and −MdATG3b constructs and pYES2 empty
ector were respectively transformed into the yeast atg3� mutant
ells (Invitrogen; BY4741, atg3�:kanMX, MATa;  his3�1; leu2�0;
et15�0; ura3�0) according to the Clontech protocol. Transfor-
ants were selected on SD-Ura plates and confirmed by PCR. Wild

ype (WT) S288C and atg3� mutant cells were cultured in YPDA
ith 2% glucose, while yeast cells with positive transformants were
ultured in YPDA with 2% galactose instead of glucose. Yeast cells
ere harvested when the OD600 reached 0.5, and washed three

imes with water. Then they were re-suspended in N-depleted
edium (0.17% yeast nitrogen base without ammonium sulfate
e 256 (2017) 53–64 55

and amino acids but plus 2% galactose or 2% glucose) to induce N-
starvation. After 18 d, streak the starved yeast cells on nutrient-rich
YPDA plates for recovery [33].

2.8. Generation of transgenic arabidopsis thaliana plants

The Gateway binary vector pGWB405, with a GFP fusion at the
C-terminus under control of the CaMV35S promoter, was used for
constructing a plant overexpression vector of MdATG3a.  Follow-
ing the Gateway Technology protocol (Invitrogen), MdATG3a was
inserted into pGWB405 destination vector by the reactions of BP
and LR clonase enzymes (Invitrogen), using pDONR222 as the donor
vector. Because pGWB405 did not, for some unknown reason, work
successfully for MdATG3b during vector construction, we  inserted
the gene into another binary vector, pCambia 2300 (CaMV35S
promoter, no tag), using double-digestion with BamHI and KpnI.
Primers are listed in Supplementary Table 1. Sequence-confirmed
plasmids were transformed into Agrobacterium tumefaciens strain
EHA105 by electroporation. Transformation into Arabidopsis plants
was performed according to the floral-dip procedure [34]. All
growth conditions and the procedure for selecting homozygous T3
transgenic plants matched those previously described [23].

2.9. Generation of MdATG3b-transgenic ‘Orin’ apple callus

A. tumefaciens EHA105 carrying the MdATG3b-pCambia2300
plasmid was transformed into ‘Orin’ apple callus following the pro-
tocol previously specified [35]. ‘Orin’ apple callus grew on an MS
agar medium containing 1.0 mg  L−1 2,4-D and 1.0 mg  L−1 6-BA in
the dark at 25 ◦C, and sub-cultured at 15-d intervals. Seven-day-
old callus grown in a liquid medium were used for transformation
by infection with Agrobacterium (10 min, gentle rotation, 25 ◦C).
After 2 d co-cultivation, the callus was  washed three times with
sterile water containing 400 mg  L−1 cefotaxime, then transferred
to a subculture medium supplemented with 200 mg  L−1 cefotaxime
and 30 mg  L−1 kanamycin for transgene selection [35].

2.10. Statistical analysis

Data are shown with values expressed as means and standard
deviation (SD). Statistical differences were compared by Student’s
t-tests at significance levels of P < 0.05 (*), P < 0.01 (**), or P < 0.001
(***).

3. Results

3.1. Molecular cloning, sequence analysis, and subcellular
localization of MdATG3s

Through homology-cloning, we obtained two homologous
AtATG3 genes (TAIR: AT5G61500) from Malus domestica and named
them MdATG3a (GenBank Accession No. KF438032) and MdATG3b
(GenBank Accession No. KR024682). Each contains a 927-bp open
reading frame and encodes 308 amino acid-deduced proteins. They
share over 98% similarity in their nucleotide sequences and amino
acids. Sequence alignment with AtATG3 and OsATG3 revealed
85.31% similarity plus conserved HPC and FLKF motifs (Fig. 1A). Just
before the FLKF motif, there is a conserved DKYLFL motif between
apple and Arabidopsis (Fig. 1A). Both MdATG3a and MdATG3b com-
prise three characteristic domains: N-terminal domain, catalytic
domain, and the C-terminal domain of autophagy-related protein 3

(Fig. 1B). The N-terminal domain has 123 amino acid residues and
extends from Position 7–129, while the catalytic domain has 61
amino acid residues that span positions from 194 to 254. The con-
served cysteine residue (Cys253) within the HPC motif is a putative

http://www.invitrogen.com.cn
http://www.invitrogen.com.cn
http://www.invitrogen.com.cn
http://www.invitrogen.com.cn
http://www.invitrogen.com.cn
http://pfam.xfam.org/
http://pfam.xfam.org/
http://pfam.xfam.org/
http://pfam.xfam.org/
http://pfam.xfam.org/
https://www.ebi.ac.uk/interpro/
https://www.ebi.ac.uk/interpro/
https://www.ebi.ac.uk/interpro/
https://www.ebi.ac.uk/interpro/
https://www.ebi.ac.uk/interpro/
https://www.ebi.ac.uk/interpro/
https://www.ebi.ac.uk/interpro/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/


56 P. Wang et al. / Plant Science 256 (2017) 53–64

Fig. 1. Sequence analysis and cellular localization of MdATG3s. (A) Alignment of deduced amino acid sequences of MdATG3a and MdATG3b with AtATG3 (NP 568934.1) and
OsATG3 (XP 015613678.1). Red boxes indicate HPC and FLKF motifs. Red underlines indicate DKYLFL motif conserved between apple and Arabidopsis. *, conserved cysteine
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esidue. (B) Conserved domains within MdATG3a and MdATG3b. (C) Subcellular lo
ells.  (For interpretation of the references to colour in this figure legend, the reader

ctive-site residue that is unique to autophagic E2 enzymes, includ-
ng both ATG3 and ATG10 [36]. Finally, the small C-terminal domain
onsists of 25 amino acid residues between Positions 275 and 299,
nd it contains a highly characteristic conserved FLKF motif.

To investigate the subcellular localization of MdATG3a and
dATG3b, we fused them individually with GFP at the C-terminus

or transient expression in onion epidermal cells under the control
f the CaMV35S promoter. Our fluorescence observations indicated
he presence of either MdATG3a– or MdATG3b–GFP fusion protein
n the cytoplasm and nucleus of the cells (Fig. 1C).

.2. Promoter cloning and analysis

Although MdATG3a and MdATG3b proved highly similar, they
ere predicted to be located on different apple chromosomes,
ith MdATG3a in contig MDC017858.191 of Chromosome 6 and
dATG3b in contig MDC003928.273 of Chromosome 7. To get more

nformation on MdATG3s, their promoters were cloned and in sil-
co analyzed by PlantCARE online program. A 1427-bp fragment

GenBank Accession No. KX790786) was identified upstream of
he MdATG3a CDS region, while a 1764-bp fragment (GenBank
ccession No. KX790787) was isolated upstream of the MdATG3b
DS region. Analysis of the cis-acting elements revealed that both
tion analysis of MdATG3a–and MdATG3b–GFP fusion protein in onion epidermal
erred to the web version of this article.)

promoters were rich in elements involved in responses to envi-
ronmental stresses (MBS, TC-rich repeats, and HSE) as well as
to hormones. The latter included GARE-motif (GA-responsive),
TCA-element (SA-responsive), and CGTCA/TGACG-motif (MeJA-
responsive) (Fig. 2A, B; Supplementary Table 2). Within their
promoter regions, common cis-regulatory elements required for
endosperm expression (Skn-1 motif) or involved in circadian con-
trol (Circadian) were also identified (Fig. 2A, B; Supplementary
Table 2). In addition, an ethylene-responsive element (ERE) and
a CCGTCC-box related to meristem-specific activation were found
in the MdATG3a promoter region, while a W-box for fungal elicitor-
responsiveness and an ARE motif essential for anaerobic induction
occurred in the MdATG3b promoter region (Fig. 2A, B; Supplemen-
tary Table 2).

3.3. Expression analysis of MdATG3s

The mRNAs of MdATG3a and MdATG3b were expressed in
all tested apple tissues, including buds, shoots, stems, flowers,

fruits, roots, and leaves. Although well-developed fruits had rel-
atively high levels of transcripts for both genes, MdATG3b was
more strongly expressed than MdATG3a in mature leaves (Fig. 3A).
Transcripts were also detected from two  different types of leaf
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Fig. 2. Putative cis-acting elements (shaded in gray) in promoter regions of MdATG3s, as predicted by PlantCARE database. (A) A 1427-bp fragment of MdATG3a promoter
(GenBank Accession No. KX790786). (B) A 1764-bp fragment of MdATG3b promoter (GenBank Accession No. KX790787). Key sequence elements − TATA box and CAAT box
− on AT
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 are shaded in green and dark yellow, respectively. Letters in red indicate start cod
gure  legend, the reader is referred to the web  version of this article.)

enescence. In dark-induced senescence of detached leaves, tran-
cript levels gradually increased by 4.1-fold for MdATG3a at Day
5 and by 2.5-fold for MdATG3b at Day 10. MdATG3a was overall
ore highly expressed during such treatment (Fig. 3B). In age-

ependent natural leaf senescence, transcript levels for both genes
ncreased abundantly in older leaves. For example, in 185-day-old
eaves, increments of 14-fold and 26-fold were found for MdATG3a
nd MdATG3b,  respectively. Overall, MdATG3b was more strongly
xpressed than MdATG3a during natural leaf senescence (Fig. 3C).

We also examined MdATG3s expression in apple plants under
biotic stress. In response to N-starvation for 45 d, expression
atterns differed between genes, with MdATG3a transcript levels
emaining unchanged in the first 36 d of treatment before increas-
ng by 3-fold over the control at Day 45 (Fig. 3D). By comparison,

dATG3b responded earlier, with transcript levels rising by 2.6-
old in the first 18 d, followed by smaller increments relative to
he control (Fig. 3D). When oxidative stress was induced by apply-
ng MV  to the roots, increases in root mRNA levels for MdATG3a and

dATG3b were similar, showing respective increments of 16.3-fold
nd 8.8-fold at 9 h. Overall, MdATG3a was more highly expressed
han MdATG3b in response to MV treatment (Fig. 3E). Similar trends
n leaf samples were noted from our drought and salinity treat-

ents. For example, after 8 d of drought treatment, MdATG3a and
dATG3b were up-regulated by 8.7-fold and 3.8-fold, respectively,
hen compared with measurements made at Day 0 (Fig. 3F). After
 h of exposure to 200 mM NaCl, MdATG3a and MdATG3b were up-
egulated by 1.9-fold and 4.1-fold, respectively (Fig. 3G). Applying

 mM DTT to the roots to induce ER stress caused MdATG3a and
G for MdATG3a and MdATG3b.  (For interpretation of the references to colour in this

MdATG3b in roots to be up-regulated by 6.1-fold and 15.6-fold,
respectively, after 12 h of treatment (Fig. 3H).

These results demonstrated that MdATG3a and MdATG3b had
similar expression patterns in different tissues and in response to
most treatments, including leaf senescence, N-depletion, oxidative
stress, drought, salinity, and ER stress. Thus, we  might infer that the
two genes have similar functions, based on the closeness of their
sequences and expression patterns.

3.4. MdATG3s interact with MdATG8i in yeast and could
complement atg3� yeast mutant under N starvation

Since the conjugation of ATG8 to PE needs sequential acti-
vation by E1-like ATG7 and E2-like ATG3, there are interactions
between ATG8 and ATG7 or ATG3 [9,10,25]. Previously, we  iden-
tified the interaction of MdATG8i with MdATG7s in yeast [23]. To
test whether MdATG3s interact with MdATG8i, Y2H was performed
using the MdATG8i-pGBKT7 as bait and MdATG3a/3b-pGADT7 as
preys. Fig. S1 showed that both MdATG3a or MdATG3b could
interact with MdATG8i in yeast, implying the conserved partici-
pation of MdATG3s in the ATG8-PE conjugation system. To test
if the homologs of ATG3 from apple could complement atg3�
yeast mutant, MdATG3a and MdATG3b were constructed to a yeast
expression vector pYES2. After N starvation, the atg3� yeast mutant
and its pYES2 empty vector transformed cells could not recover

growth on nutrient-rich medium, while transformants with pYES2-
MdATG3a/3b could resume growth like WT  cells (Fig. S2), indicating
that both MdATG3a and MdATG3b are functional homologs of yeast
Atg3.
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Fig. 3. Expression analysis of MdATG3a and MdATG3b.  Relative expression in different tissues (A), upon dark-induced senescence of detached leaves (B), upon natural leaf
s (E), in
r d qRT
r licate

3
f

e
a
p

enescence (C), during N-depletion treatment (D), in roots exposed to 50 �M MV 

oots  after treatment with 3 mM DTT (H). Total RNA was extracted from samples an
elative  to expression of Malus EF-1  ̨ mRNA. Data are means ± SD of 3 technical rep

.5. Both MdATG3a- and MdATG3b-transgenic Arabidopsis
acilitate growth and bolting

We  found several stress-responsive cis-elements in the promot-

rs of MdATG3a and MdATG3b,  and both genes were induced to
biotic stress transcriptionally (Fig. 2; Fig. 3). To further study the
otential functioning of MdATG3a and MdATG3b during growth and
 leaves after drought treatment (F), in leaves exposed to 200 mM NaCl (G), and in
-PCR was performed with gene-specific primers. Expression levels were calculated
s.

in response to abiotic stress, we analyzed the phenotype of over-
expressing (OE) Arabidopsis plants under control of the CaMV 35S
promoter. For each gene, we  selected two  independent T3 homozy-
gous lines (MdATG3a OE2 and OE3; MdATG3b OE4 and OE11) that

showed high expression, based on PCR analysis in gDNA and cDNA
(Fig. S3).
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Fig. 4. Overexpression of MdATG3a or MdATG3b in Arabidopsis accelerates growth and bolting. (A) Growth performance of 30-day-old seedlings in soil under LD conditions.
(B)  Comparisons of bolting times among 25-day-old seedling in MS  plates under LD conditions. (C) Maximum rosette diameters of seedlings growing in soil under LD for 28
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nd  30 d. Data are means ± SD of 20 plants. (D) Statistical analysis of bolting time. D
s  determined by Student’s t-tests, at P < 0.05, P < 0.01, and P < 0.001, respectively.

Under LD conditions, both MdATG3a-  and MdATG3b-transgenic
rabidopsis seedlings grew faster and had larger rosette diameters
han WT  at Days 28 and 30 (Fig. 4A, C). And these transgenics grow-
ng in pots bolted earlier and had higher main inflorescence than the

T  at Day 40 (Fig. S4). To investigate bolting time more thoroughly,
e sterilized seeds and placed them on a standard MS  medium
nder LD conditions for 25 d, and found that the MdATG3a- and
dATG3b-transgenic seedlings bolted significantly earlier, with an

verage of 3 d before the WT  (Fig. 4B, D). No differences in growth
erformance were obvious among the OE lines.

.6. Both MdATG3a- and MdATG3b confer tolerance to abiotic
tresses in transgenic Arabidopsis

Because MdATG3a and MdATG3b were induced by different
ypes of abiotic stresses, we tested the responses of OE lines to
00 mM mannitol, 100 mM NaCl, or N-/C-starvation. When 7-day-
ld seedlings were exposed to mannitol or NaCl for 15 d, both the
dATG3a- and MdATG3b-transgenic lines had better growth per-

ormance than the WT  (Fig. 5A), as shown by their significantly
igher fresh weights (Fig. 5B) and longer roots (Fig. 5C). We  also
oticed that the transgenic plants had longer inflorescences when
rown on MS  control plates (Fig. 5A). This probably could explain
heir significantly greater biomass production (Fig. 5B) and earlier
olting when compared with the WT  (Fig. 4B, D).
After 5-day-old seedlings were transferred to N-depletion
edia or both N- and sugar- depletion media for 10 d, the cotyle-

ons of both WT  and OE lines turned yellow (Figs. 6 A, S5A).
owever, their meristems were obviously different, with trans-
e means ± SD of 18 plants. *, **, and *** indicate statistically significant differences,

genic plants producing more and larger true leaves (Figs. 6A,
S5A). Furthermore, fresh weights and root lengths were noticeably
greater when compared with the WT  (Figs. 6B, C; S5B, C). After
25 d of N-starvation treatment, the WT  plants had died but trans-
genic plants still had green and living meristems (Fig. 6A). However,
N/Sugar depletion treatment exhibited this phenotype more ear-
lier and severer than sole N-depleted treatment. At Day 17, the
leaves from WT  became white and transparent, while that from
transgenic lines still remained two  green true leaves (Fig. S5A). This
phenotype indicated that overexpression of MdATG3a or MdATG3b
in Arabidopsis could improve tolerance to N depletion or N/Sugar
depletion.

We  also evaluated the recovery growth of Arabidopsis after
C-starvation, exposing 7-day-old seedlings to either MS  or sugar-
depletion media for 10 d in the dark before returning them to
LD conditions for another 10 d. For both types of media, OE  lines
showed better recovery, as evidenced by their better fresh weights
and numbers of true leaves produced (Fig. 7). However, the root
systems of these various genotypes did not grow uniformly, and dif-
ferences in root lengths were not apparent among the OE lines and
the WT.  This recovery phenotype was  also confirmed by incubat-
ing 14-day-old seedlings on MS  plates under darkness for another
14 d before resuming growth under LD conditions. After 8 d of
exposure to light, numerous WT  plants had wilted and died while
most OE plants had recovered their growth rate and displayed new

green leaves (Fig. S6). These results supported our conclusion that
both MdATG3a and MdATG3b could enhance the recoverability from
C-starvation when growing conditions became favorable again.
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Fig. 5. Overexpression of MdATG3a or MdATG3b in Arabidopsis enhances tolerance to mannitol or NaCl. (A) Growth comparisons among WT and OE lines under MS control,
200  mM mannitol, or 100 mM NaCl treatment for 15 d. (B) Fresh weights. (C) Root lengths. Data are means ± SD of 15 plants. *, **, and *** indicate statistically significant
differences, as determined by Student’s t-tests, at P < 0.05, P < 0.01, and P < 0.001, respectively.

Fig. 6. Overexpression of MdATG3a or MdATG3b in Arabidopsis enhances tolerance to nitrogen depletion. (A) Growth comparisons among WT and OE lines under MS  control
o gths. 

m  as de
i  to th

A
d
i

r  N-starvation for 10 or 25 d under LD conditions. (B) Fresh weights. (C) Root len
eans ± SD of 15 plants. *, **, and *** indicate statistically significant differences,

nterpretation of the references to colour in this figure legend, the reader is referred

In general, these performances by MdATG3a and MdATG3b OE

rabidopsis plants not only demonstrated the functional redun-
ancy of those genes, but also suggested their potential for

mproving plant tolerance toward different abiotic stresses.
Black arrowheads indicate living and green true leaves. Scale bar = 5 mm.  Data are
termined by Student’s t-tests, at P < 0.05, P < 0.01, and P < 0.001, respectively. (For
e web version of this article.)

3.7. MdATG3b-transgenic ‘Orin’ apple callus shows improved

growth performance when nutrient supplies are limited

Three transgenic ‘Orin’ apple lines over-expressing MdATG3b
were confirmed by PCR with gDNA (Fig. 8A) and by qRT-PCR with
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ig. 7. Overexpression of MdATG3a or MdATG3b in Arabidopsis improves recovery a
nder  MS  control or C-starvation for 10 d under LD conditions. (B) Fresh weights. (C) 

ignificant differences, as determined by Student’s t-tests, at P < 0.05, P < 0.01, and P

DNA (Fig. 8B). The mRNA transcript levels were increased by
5-, 19-, and 24-fold in Lines OE-10, OE-11, and OE-14, respec-
ively (Fig. 8B). For further tests, 14-day-old fresh calli of similar
ize (∼0.02 g) were transferred to MS  control, low-sugar, or low-N
edia. After 20 d of treatment, the callus on the control medium
as similar in growth status and weight to all transgenic lines

xcept OE-11, for which the callus was smaller than the WT  and
ther OE lines (Fig. 8C, D). On the low-sugar media, the three trans-
enic lines had better growth and were significantly heavier than
he WT (Fig. 8C, D). Under low-N conditions, the WT  callus turned
hite and stopped growing while calli from the three OE lines

emained yellow and showed better growth (Fig. 8C, D). These
esults demonstrated that, at the cellular level, overexpression of
dATG3b could improve growth performance when either C or N
ere limited.

. Discussion

Investigating the molecular realm of autophagy began with the
dentification of ATG genes [37]. Many of those genes that are
equired for autophagosome formation, i.e., the ‘core’ autophagy
achinery, are conserved in eukaryotes. As one of the major groups
ithin that machinery, the ATG8-PE ubiquitin-like conjugation

ystem essentially functions during expansion of the autophago-
ome membrane [38] and for specific cargo selection by interacting
ith receptors [7]. In that system, ATG3 receives ATG8 from ATG7

nd transfers it to PE, acting as an E2-like enzyme to catalyze
rotein–lipid conjugation, in contrast to other E2 enzymes [25].
e found here that both MdATG3a and MdATG3b had conserved N-

erminal, catalytic, and C-terminal domains of autophagy-related
rotein 3. The N-terminal region is critical to autophagy because
t forms an amphipathic helix and binds membranes with high
urvature [25,39]. The catalytic domain of MdATG3s contains a
onserved cysteine residue (Cys253) within the “HPC” motif. Con-
ervation of this residue is a characteristic feature of autophagic
ugar depletion. (A) Comparisons of 10-d growth recovery among WT and OE lines
ers of true leaves. Data are means ± SD of 15 plants. *, **, and *** indicate statistically
1, respectively.

E2-like enzymes, including Atg3 and Atg10 homologs from vari-
ous eukaryotic cells [10,40]. Cysteine is also the only active residue
that is universally conserved in the spectrum of E2 and E2-like
enzymes in eukaryotes [40,41]. In Atg10, it is essential for recog-
nizing the Apg5 subunit of the autophagosome complex [42]. The
small C-terminal domain is likely a distinct binding region that sta-
bilizes the autophagosome [43]. In yeast, Atg3 can directly interact
with Atg8 through the WXXL sequence, a canonical Atg8 family
interacting motif (AIM) that is crucial for the transfer of Atg8 from
the Atg8-Atg3 thioester intermediate to PE [44]. According to the
very recent paper [45], the conserved DKYLFL motif between apple
and Arabidopsis was  predicted to act as WXXL-like motif to inter-
act with AtATG8F in Arabidopsis. In this study, Y2H assays showed
that MdATG3s could interact with MdATG8i in yeast as well. This
suggested their involvement in the ATG8 conjugation system in a
conserved mechanism. Therefore, the highly conserved sequences
and similarity between MdATG3a and MdATG3b implied that they
have similar functions, as reflected by complementation assay in
atg3� yeast mutant and plant performances under normal growing
conditions as well as in response to abiotic stresses.

We  isolated the promoter regions of both genes from apple
genomic DNA. The cis-acting elements in the promoters were
bioinformatically analyzed to predict potential regulatory mech-
anisms of gene expression in response to environmental stresses
or hormone signaling. Both have the drought-responsive element
MBS, defense- and stress-responsive element TC-rich repeats, and
heat-responsive element HSE. This suggests that the MdATG3s are
involved in responses to drought, defense, and heat that have been
addressed by other autophagy genes [16,22,46]. Several motifs or
elements involved in GA3-, SA-, MeJA-, or ethylene-responsiveness
might also participate in stress responses or development pro-

cesses. The Skn-1 motif and GCN4 motif, which are required for
endosperm expression, are also found in the promoters of both
genes. Therefore, these cis-element predictions in the MdATG3s pro-
moter regions might be essential for mediating responses to stress
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Fig. 8. Overexpression of MdATG3b in ‘Orin’ apple callus improves growth when nitrogen or sugar supplies are limited. (A) PCR-verification of constitutive expression. Lanes
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,  molecular marker DL2000; P, positive plasmid pCambia2300–MdATG3b;  WT,  no
dATG3b expression in WT and transgenic lines. (C) Morphology of calli after 20 d

eplicates. *, **, and *** indicate statistically significant differences, as determined b

nd hormones as well as during normal phases of plant growth and
evelopment.

Senescence occurs in aging, stressed, or detached leaves and
s accompanied by macromolecule degradation and nutrient-
ecycling [47]. As one of the pathways contributed to degradation,
utophagy is involved in senescence and plays an important role
n nutrient remobilization. There were nineteen Arabidopsis ATG
enes that are markedly activated at the transcriptional level,
nd most of them appear to be coordinately up-regulated at

 stage in developmental senescence when chlorophyll degra-
ation becomes visible [48]. Consistently, we have found that
dATG3a and MdATG3b are up-regulated during both natural and

etachment-induced leaf senescence. We  have also previously
eported that other ATGs isolated from M.  domestica are greatly
p-regulated during leaf senescence [23,24,49].

Autophagy is a biological process thought to be a central com-
onent in the integrated stress response [2]. Because ROS are
oxic and reactive, they may  damage cell components, includ-
ng proteins and nucleic acids. In mammalian cells, an increase
n ROS accumulations is often associated with the activation of

itogen-activated protein kinases, including JNK, which can stimu-

ate autophagy [50,51]. Treatment with MV,  as well the induction of
smotic or salt stress, can lead to the production of ROS and create
xidative damage in plant cells [11]. When Arabidopsis seedlings
re exposed to oxidative stress by the addition of H2O2 or MV,
sformed wild-type; and OE-10, −11, −14 transgenic lines. (B) qRT-PCR analysis of
eatment. (D) Fresh weights of calli after 20 d. Data are means ± SD of 3 biological
ent’s t-tests, at P < 0.05, P < 0.01, and P < 0.001, respectively.

autophagy is rapidly and strongly induced [15]. Likewise, we  found
that MdATG3a and MdATG3b were responsive to MV-induced oxida-
tive stress, drought, and salinity, and their expression patterns
were similar at the transcriptional level. Moreover, our Arabidopsis
OE lines exhibited improved plant tolerance to mannitol-induced
osmotic stress and salinity. These results implied that this height-
ened tolerance might be due to the activation of autophagy when
the MdATG3s from apple were over-expressed in transgenic Ara-
bidopsis. We  have previously shown that MdATG7b can increase
seed germination rates under mild salinity stress when heterolo-
gously expressed in Arabidopsis [23]. Reports have also been made
that AtATG18a is required for conferring tolerance to drought and
salt stress [16], and that OsATG10b plays an important role in
the survival of rice cells against oxidative stresses [18]. Research
on the regulation of autophagy in Lycopersicon esculentum has
revealed that a heat-shock transcription factor, HsfA1a,  confers
drought tolerance by activating ATG genes and inducing autophagy
[46]. Therefore, under oxidative stress, one possible function of
autophagy might be the degradation of oxidized or ubiquitinated
protein aggregates, thereby protecting cells and supporting plant
survival [14,15,46].
Genetic analyses with yeast, mammalian cells, and Arabidopsis
have demonstrated that autophagy is the major contributor to the
recycling of intracellular constituents and, thus, is critical for allevi-
ating nutrient stress [7,8,52]. We  found here that both MdATG3a and
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dATG3b were up-regulated in N-starved M.  hupehensis seedlings,
lthough their expression patterns differed. This is consistent with
esults from studies of Arabidopsis ATG genes upon sucrose star-
ation [12], ATG8s from Glycine max (soybean) under nitrogen
eficiency [53], and most of the ATG genes from Hordeum vulgare
hen induced by an N-limitation [54]. Overexpression of MdATG3a

r MdATG3b in Arabidopsis facilitates the growth and vigor of meris-
ems either during periods of N-starvation or when plants are
ecovering after sucrose starvation. Although we  over-expressed
nly MdATG3b in our ‘Orin’ apple callus, all of those transgenic
ines performed better than the WT  when C or N was less avail-
ble. These findings are consistent with our previous results with
dATG8i [23] or those reported from a study of GmATG8c in soybean

53]. Our earlier investigation with MdATG8i or MdATG7, together
ith MdATG3s in the ATG8-PE conjugation system, indicated that
utrient-deprived tissues had the same degree of improvement
fter those genes were over-expressed, whether Arabidopsis or
pple calli were used in the tests [23,24]. This suggested that the
ore genes for ATG8-PE conjugation worked synergistically. Fur-
hermore, the high homology and similar performance between
dATG3a and MdATG3b implies that both have functional redun-

ancy.
In conclusion, we have isolated two ATG3 homologs − MdATG3a

nd MdATG3b − from apple. They are similar in their sequences,
is-acting elements in the promoters, and expression patterns
n response to leaf senescence and abiotic stresses. Both genes
lso confer greater tolerance to abiotic stresses via heterolo-
ous expression when Arabidopsis or apple callus is examined.
hen combined with the knowledge gained from earlier inves-

igations with MdATG8i and MdATG7 in apple, we  believe that
ver-expressing important ATG genes in the ATG8-PE conjugation
ystem could improve plant performance and tolerance to various
tresses.
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