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Abstract

Water deficit is one of the major limiting factors for apple (Malus domestica) production on the Loess Plateau, a major
apple cultivation area in China. The identification of genes related to the regulation of water use efficiency (WUE) is a
crucial aspect of crop breeding programs. As a conserved degradation and recycling mechanism in eukaryotes,
autophagy has been reported to participate in various stress responses. However, the relationship between autophagy
and WUE regulation has not been explored. We have shown that a crucial autophagy protein in apple, MdATGSi, plays
a role in improving salt tolerance. Here, we explored its biological function in response to long-term moderate
drought stress. The results showed that MdATGS8i-overexpressing (MdATGS8i-OE) apple plants exhibited higher WUE
than wild-type (WT) plants under long-term moderate drought conditions. Plant WUE can be increased by improving
photosynthetic efficiency. Osmoregulation plays a critical role in plant stress resistance and adaptation. Under long-
term drought conditions, the photosynthetic capacity and accumulation of sugar and amino acids were higher in
MAATGSI-OE plants than in WT plants. The increased photosynthetic capacity in the OE plants could be attributed to
their ability to maintain optimal stomatal aperture, organized chloroplasts, and strong antioxidant activity. MdATGSi
overexpression also promoted autophagic activity, which was likely related to the changes described above. In
summary, our results demonstrate that MdATG8i-OE apple lines exhibited higher WUE than WT under long-term
moderate drought conditions because they maintained robust photosynthesis, effective osmotic adjustment
processes, and strong autophagic activity.

Introduction

Drought stress is one of the most widespread environ-
mental constraints and inhibits plant growth and pro-
duction by affecting every aspect of the plant, especially
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plant turgor pressure, photosynthetic activity, organelle
ultrastructure, metabolism, and hormones' ™. Due to
global climate change and the increasingly limited avail-
able groundwater for agricultural use, drought stress has
become a major threat to crop yields™”. Hence, it is urgent
to develop strategies and technologies to improve the
water use efficiency (WUE) of crops. WUE can be defined
in different ways; from the perspective of agricultural
production, it is described as the amount of plant-
produced biomass per unit of water consumed by plants.
From a plant physiology viewpoint, WUE is defined as the
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ratio of the amount of CO, fixed by photosynthesis to the
amount of water vapor lost to the atmosphere®.

Photosynthesis plays a crucial role in plant growth
because it produces carbohydrates and oxygen”®. Greater
photosynthetic capacity is one of the key factors involved in
improving the WUE of crops without excessive yield
penalties under long-term drought conditions. In recent
studies, several genes related to photosynthesis have been
manipulated to achieve the goal of increased productivity’.
Under drought stress, the plant traits that maintain pho-
tosynthesis also increase plant growth and WUE'". How-
ever, photosynthetic activity is sensitive to water deficits
because they result in a rapid decrease in stomatal aperture
and damage to the photosynthetic machinery''. Photo-
system II (PSII) is vulnerable to damage under various
stresses, which results in reductions in electron transport
and ATP synthesis'>"”. In addition, pigment complexes and
chloroplast structures can be destroyed by the excessive
reactive oxygen species (ROS) generated under drought
stress, resulting in diminished photosynthetic capacity*'.
Drought stress inhibits all aspects of the photosynthetic
system and is ultimately harmful to plant growth.

Plants can alter various metabolic pathways to cope with
drought stimuli, such as their carbohydrate and amino
acid metabolism'*™"7. The soluble sugars and polyols
accumulated under drought conditions can act as com-
patible osmolytes, ROS scavengers, energy sources, and
signals’®?°, Wei et al.*! demonstrated that tetraploid tri-
foliate orange was more drought tolerant than diploid
trifoliate orange due to enhanced sugar accumulation. In
addition, drought can induce the accumulation of amino
acids, which contribute to maintaining cell turgor and
removing excessive ROS?2, For instance, proline can serve
as an osmoprotectant and ROS scavenger, protecting
plants from damage caused by drought and maintaining
plant growth under long-term unfavorable environmental
conditions®®, The capacity to accumulate proline has been
shown to be correlated with stress tolerance®*. Further-
more, amino acids can also act as alternative energy
sources at night, when plant starch resources are limited>”.

Autophagy is a conserved eukaryotic mechanism for the
degradation of unwanted or damaged proteins and orga-
nelles under stress conditions to maintain cell home-
ostasis®®. Researchers have identified >40 autophagy-
related genes (ATGs) in yeast”’. Among them, 17 core
ATGs are reported to participate in the formation of
autophagosomes, namely, ATG1-14, ATG16, ATGI8, and
ATG101?®. In particular, ATG8-PE (PE stands for phos-
phatidylethanolamine) and ATG5-ATG12, which are two
ubiquitin-like protein conjugation systems, play a critical
role in the expansion of the autophagosome membrane®®,
The ATG8 protein binds covalently to PE with the
mediation of ATG3 and ATG7, and ATG12 binds to
ATG5 with the mediation of ATG7 and ATG10*. In
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addition, the ATG5-ATG12 conjugation system is vital
for the conjugation of ATG8 and PE. Over the years,
homologs for these core ATGs have been identified in
various plant species?’.

In plants, autophagy occurs due to multiple environmental
stresses, including drought and osmotic conditions®>*".
Arabidopsis atg5 and atg7 mutants are hypersensitive to
osmotic stress™. Arabidopsis RNAi-ATG18a plants showed
a greater reduction in growth than wild-type (WT) plants
under drought and salt stresses®. Accordingly, the over-
expression of MdATG18a improved tolerance to severe
drought stress in transgenic apple®'. The overexpression of
MdAATG3s isolated from apple in Arabidopsis increased their
tolerance to osmotic stress>>. In addition, the overexpression
of HsfAla, which regulates the expression of ATG10 and
ATGISf in tomatoes, resulted in higher autophagy activity
that conferred drought tolerance®. These studies demon-
strate that autophagy plays a positive role in improving plant
tolerance to drought stress. However, the effect of autophagy
on regulating WUE under long-term moderate drought
conditions has not been explored.

The semiarid region of the Loess Plateau is one of the
largest regions of apple production in China, accounting
for nearly 25% of the total national apple production in
2016*. However, because of the sufficient light but
uneven annual rainfall on the Loess Plateau, water deficit
has become the primary limiting factor for apple pro-
duction. Plants in this region face long-term moderate
drought stress. The development of transgenic apple
plants with high WUE and production is greatly needed.
Previously, we cloned the apple ATG MdJATGS8i and
demonstrated that it functions in apple autophagy in a
conserved way’®. MdATGS8i-overexpressing (MdATGSi-
OE) apple lines displayed improved salt tolerance and
greater autophagic activity than WT plants®. In this
study, we employed MdATGS8i-OE apple plants to inves-
tigate the function of this gene under long-term moderate
drought conditions. We found it particularly interesting
that, compared with WT plants, MdATGS8i-OE apple
plants exhibited higher WUE with minor growth penalties
under long-term moderate drought stress, possibly
because the OE plants exhibited higher autophagic
activity, greater photosynthetic capacity, and better
osmotic adjustment. This study provides a promising
approach for improving WUE with minimized growth
costs in apple under long-term drought stress.

Results

Overexpression of MdATGS8i improves growth and WUE in

apple under long-term moderate drought stress
MdAATGSi transcription can be induced by sustained

moderate drought stress in GL-3 plants (Fig. S1), indi-

cating the potential involvement of MdATGS8i in drought

tolerance. To analyze the biological function of MdATGSi
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under long-term moderate drought stress, two previously
obtained transgenic lines of MdATGS8i-OE apple were
used for further treatment®. We investigated the pheno-
types of the WT plants and MdATGS8i overexpression
lines after 80 days of long-term drought treatment (water
withheld until 45-50% soil moisture content was reached).
The growth phenotypes of the WT and OE plants were
not markedly different at the beginning of the long-term
experiment or after 80 days normal watering (Fig. S2 and
Fig. 1a). After 80 days of the moderate drought treatment,
the growth phenotypes were significantly affected in terms
of the plant height, trunk diameter, total fresh weight
(TEW), total dry weight (TDW), and relative growth rate
(RGR). However, the growth of the OE plants was less
affected than that of the WT plants under long-term
moderate drought conditions. Under sustained moderate
drought stress, the transgenic plants had higher plant
height and trunk diameter than the WT plants (Fig. 1la—c).
Compared with the WT plants, the MdATG8i-OE apple
lines accumulated more biomass and maintained a higher
RGR after 80 days of the moderate drought treatment
(Fig. 1d—f). Additionally, the water deficit treatment for
80 days led to decreased RWC in all genotypes, but the OE
lines had significantly higher RWC values than the WT
plants (Fig. 1g). High WUE is crucial for plants in adapting
to long-term water deficit’®. As shown in Fig. 1h, after
80 days of moderate drought, the instantaneous WUE
(WUE) was higher in the MdATG8i-OE plants than in the
WT plants. Furthermore, after 80 days of drought treat-
ment, the long-term WUE (WUEL) values of OE1 and
OE6 were 22.7 and 21.2%, respectively, higher than that of
WT (Fig. 1i). These data indicate that MdA TG8i positively
regulated the accumulation of biomass and WUE in apple
under long-term drought stress.

Overexpression of MdATGS8i enhances photosynthetic
capacity in apple under long-term moderate drought
stress

Since there was a difference in growth between the WT
and MdATGSi-OE plants after 80 days of drought treat-
ment, we investigated whether there was also a difference
in their photosynthetic capacity. We measured the gas
exchange parameters and chlorophyll concentrations of all
genotypes in the long-term moderate drought treatment.
No significant differences in photosynthetic rate (Pn),
stomatal conductance (Gs), intercellular CO, concentra-
tion (Ci), or chlorophyll concentration were observed
between the WT and OE plants under normal conditions.
These four parameters decreased sharply under sustained
moderate drought stress, but the decrease was less severe
in the MJATGS8i-OE plants than in the WT plants
(Fig. 2a—d). After 80 days of the moderate drought treat-
ment, the Pn values of both OE lines were approximately
1.7 times higher than those of the WT plants (Fig. 2a). The
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Gs, Ci, and chlorophyll concentrations exhibited similar
trends (Fig. 2b—d). These results suggest that the MdATG8i
overexpression lines exhibited higher photosynthetic
capacity than WT under the long-term drought treatment.

Overexpression of MdATGSi alters stomatal parameters in
apple under long-term moderate drought stress

Drought stress can affect stomatal parameters, which are
closely related to the photosynthetic activity and water-
holding capacity of plants*. Under well-watered growth
conditions, there was no difference in stomatal char-
acteristics between the genotypes. The stomatal density
was increased in all genotypes after 80 days of drought
stress, but the OE plants maintained lower stomatal den-
sity than the WT plants (Fig. 3a, b). Meanwhile, the sto-
matal apertures in the MdATGS8i-OE plants were less
affected by long-term drought stress than those in the WT
plants (Fig. 3c). The ABA level consistently increased more
in the WT plants than in the MdATGS8i-OE plants in the
long-term drought treatment (Fig. 3d). The transcription
levels of a key ABA biosynthesis gene and two ABA-
responsive genes (MdNCED3, MdABII, and MdABI2,
respectively) were induced more in the WT plants than in
the OE plants under drought stress (Fig. 3e—g). In Arabi-
dopsis, epidermal patterning factor (EPF) and EPF-LIKE
(EPFL) encode a secreted peptide family (EPF1, EPF2, and
EPFL1-9) that plays a vital role in the stomatal develop-
ment process™. It has been reported that EPFI and EPF2
negatively regulate stomatal development, whereas EPFL9
regulates stomatal development positively*' ™, Jiang
et al*> demonstrated that the ectopic expression of
MAEPF2 in tomato led to a reduction in stomatal density
in transgenic plants. To investigate the reason for the
difference in stomatal development between genotypes
under long-term drought conditions, we examined the
expression level of several MAEPF family genes, ie.,
MAEPF1, MAEPF2, MdEPFLS, and MdEPFL9. As shown
in Fig. 3h—j, the transcription levels of MdEPFI1, MdEPF2,
and MdEPFLS were more significantly induced by drought
stress in the MdATGS8i-OE plants than in the WT plants.
In contrast, the transcription level of MAEPFL9 was higher
in the WT than in the OE plants under drought conditions
(Fig. 3k). These data indicate that the overexpression of
MdAATGSi could influence stomatal behavior and devel-
opment under sustained moderate drought conditions.

Overexpression of MdATGSi stimulates ROS scavenging in
apple plants under long-term moderate drought stress
Under normal growth conditions, electrolyte leakage
and malondialdehyde (MDA) concentrations did not differ
substantially among the MdATG8i-OE apple lines and the
WT plants. Although the 80-day water deficit led to
increased electrolyte leakage and MDA concentrations in
apple, the OE plants maintained lower electrolyte leakage
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(see figure on previous page)
Fig. 1 Overexpression of MdATG8i promotes growth and water use efficiency (WUE) in apple plants under long-term moderate drought
conditions. Water was withheld to maintain the soil at 45-50% field capacity from June 20, 2018 to September 8, 2018. a Growth phenotypes of WT
plants and MdATG8i-overexpressing apple lines after 80 days of growth under normal or moderate drought stress conditions. Comparisons of plant
height (b), trunk diameter (c), total fresh weight (d), total dry weight (e), relative growth rate (RGR; f), relative water content (RWC; g), instantaneous
water use efficiency (WUE;; h), and long-term water use efficiency (WUE; i) between WT and transgenic plants under 80 days of normal or moderate
drought stress conditions. The data are shown as the means of six replicates with SDs. Values with different letters differed significantly at P < 0.05
according to Tukey’'s multiple range test.
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Fig. 2 Effect of MdATGS8i overexpression in apple on the photosynthetic parameters under normal or moderate drought stress conditions.
Effect of MdATG8i overexpression in apple on the photosynthetic capacity under normal or moderate drought stress conditions. Comparisons of
photosynthetic rate (Pn; a), stomatal conductance (Gs; b), intercellular CO, concentration (Ci; ¢), and chlorophyll concentration (d) between MdATG8i-
overexpressing apple lines and WT plants under 80 days of normal or moderate drought conditions. The data are shown as the means of five
replicates with SDs. Values with different letters differed significantly at P < 0.05 according to Tukey's multiple range test.

values and MDA concentrations than the WT plants
(Fig. 4c, d). Drought can induce excessive ROS accumu-
lation, which subsequently damages various cell compo-
nents. After 80 days of the moderate drought treatment,
we stained the leaves with 3,3’-diaminobenzidine (DAB)
for hydrogen peroxide (H,O,) detection and nitroblue
tetrazolium (NBT) for oxygen free radical (O, ) detection.
As shown in Fig. 4a, sustained moderate drought induced

ROS accumulation in all genotypes, but more brown areas
and blue spots were observed in the leaves of the WT
plants than in the leaves of the MdATGS8i-OE apple lines.
We also measured the ROS levels in guard cells with 27"
dichlorofluorescin diacetate (H,DCFDA), an oxidation-
sensitive fluorescence probe. The intracellular ROS levels
under drought stress were higher in the WT plants than in
the OE lines (Fig. 4b). These observations were consistent
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with the quantitative measurements of H,O, and O,
showing that the OE plants accumulated less ROS than the
WT plants under sustained moderate drought conditions
(Fig. 4e, f). Furthermore, the activities of superoxide
dismutase (SOD) and peroxidase (POD) significantly

increased under drought conditions, and a larger increase
occurred in the OE lines than in the WT plants (Fig. 4g, h).
These results suggest that the MdATGS8i-OE lines main-
tained lower ROS accumulation than WT under drought
conditions.
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Fig. 4 MdATGS8i overexpression improves ROS scavenging ability in response to long-term moderate drought conditions. a Representative
images of leaves showing the accumulation of O, and H,0, as revealed by staining with NBT and DAB, respectively, in response to drought stress.
b Fluorescence detection of ROS accumulation in guard cells of MdATG8i-overexpressing apple lines and WT plants using H,DCFDA under normal or
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measurements of the O, (e) and H,O, concentrations (f) in apple leaves after 80 days of normal or moderate drought conditions. Activities of
superoxide dismutase (SOD; g) and peroxidase (POD; h) after 80 days of normal or moderate drought conditions. The data are the means of three
replicates with SDs. Values with different letters differed significantly at P < 0.05 according to Tukey's multiple range test.

Overexpression of MdATGS8i improves energy conversion
efficiency in apple under long-term moderate drought
stress

The measurement of chlorophyll fluorescence is widely
used for obtaining information on the light energy conver-
sion efficiency of PSII. Under well-watered conditions, no
significant differences in Fv/Fm, Y(II), ETR(II), and qP were
observed among all genotypes (Fig. 5a—d). After 80 days of
the moderate drought treatment, the values of Fv/Fm, Y(II),
ETR(II), and qP, which reflect energy conversion in PSII,
decreased due to the injury caused by sustained moderate
drought. However, the values were significantly lower in the
WT plants than in the MdATGS8i-OE plants (Fig. 5a—d).
Here, we also observed changes in the chloroplast structures
of the WT and MdATGS8i-OE plants under the sustained
moderate drought treatment. Under normal conditions, the
chloroplasts were well organized, and the grana were stacked
closely in the chloroplasts of the leaves of all genotypes (Fig.
5e). However, the WT plants had a much reduced thylakoid

membrane network and less grana stacking in the chlor-
oplasts than the OE lines under long-term drought stress.
Additionally, there were more starch granules in the chlor-
oplasts of the OE lines under drought stress (Fig. 5e).
Accordingly, the starch content in the mature leaves was
notably higher in the MdATGS8i-OE plants than in the WT
plants under the sustained moderate drought treatment (Fig.
5f). Thus, the overexpression of MdATG8i appeared to
improve WUE by mitigating damage to the photosynthetic
apparatus under long-term drought stress.

Overexpression of MdATGS8i improves the accumulation of
soluble sugars and amino acids in apple under long-term
moderate drought stress

Soluble sugars, which can act as compatible solutes,
energy sources, and signals, can be induced by various
stresses™®. In our study, the concentrations of sorbitol,
sucrose, and glucose were significantly elevated by
drought stress, and their levels were significantly higher in
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the MdATGSi-OE plants than in the WT plants (Fig.
6a—c). The transcription levels of the genes encoding the
glucose sensor hexokinase (MdHXKI), neutral invertase
(MdNINV1/2), cell wall invertase (MdCWINV1/2), and
sucrose phosphate synthase (MdSPS6) were elevated
more in the MdATGS8i-OE plants than in the WT plants
in response to the sustained drought stress (Fig. S3).

To investigate whether MdATGS8i-mediated drought
tolerance was also involved in amino acid metabolism, we
determined the levels of 18 amino acids in all genotypes
from each treatment. The results are listed in Fig. S4 and
Fig. 6d-i. In response to sustained moderate drought
stress, the transgenic lines accumulated more of almost all
the measured amino acids than the WT plants. However,
the concentrations of several amino acids were notably
different between the WT and MdAATGS8i-OE plants

under long-term drought conditions. For example, the
levels of proline in the OE plants were approximately
1.75-fold those in the WT plants after 80 days of drought
treatment (Fig. 6d). In addition, the levels of glutamine,
histidine, arginine, tyrosine, and valine were approxi-
mately 1.4, 1.5, 2.0, 1.88, and 1.97 times higher, respec-
tively, in the MdATGS8i-OE lines than in WT under
drought conditions (Fig. 6e—i).

Thus, overexpression of MdATGS8i appeared to improve
adaptation to drought stress in apple by elevating the
accumulation of carbohydrates and amino acids.

Overexpression of MdATGS8i enhances the autophagic

activity under long-term moderate drought stress in apple
To investigate whether MdATGS8i overexpression was

related to autophagy under moderate drought conditions,
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A

we first determined the transcription levels of several core
MdAATGs that are ATG homologs in Malus domestica.
Under well-watered conditions, the transcription levels of
MAATG3a, MAATG7a, MAATG7b, MdAATGY, MdATGI0,
MAATGI12, and MdATG18a were similar in all genotypes,
whereas the transcription levels of MdATG3b, MdATG4a,

and MdATGSa were higher in the MdATGS8i-OE plants
than in the WT plants (Fig. 7a). As shown in Fig. 7a, the
transcription of almost all tested genes could be induced
by sustained moderate drought treatment, and this effect
was more pronounced in the MdATG8i-OE plants than in
the WT plants. To confirm these results, we measured the
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formation of autophagosomes under long-term drought
stress using transmission electron microscopy. Under
well-watered conditions, very few autophagic structures
were observed in all genotypes. After 80 days of water
deficit, the number of autophagic structures in all geno-
types increased significantly, and there were nearly twice
as many autophagic structures in the MdATG8i-OE plants
as in the WT plants (Fig. 7b, c). These results show that
the overexpression of MdATGSi contributed to increasing
autophagic activity in apple plants exposed to long-term
moderate drought stress.

Discussion

Due to global climate change, water deficit has become a
serious problem that limits plant growth and crop yield
worldwide™. It is important to develop traits in plants that
improve WUE without increasing production costs™.
Autophagy has been previously reported to play a sig-
nificant role in improving plant tolerance to various types of
stress”*** =0 Our group also conducted several studies
related to the potential effects of ATGs on abiotic stress
tolerance in apple. For example, we identified MdATG3a
and MdATG3b and found that their ectopic expression
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improved osmotic stress tolerance in Arabidopsis®®. The
overexpression of MdATGI18a enhanced drought tolerance
in apple by modifying the antioxidant system and increasing
autophagic activity'. A recent study showed that MdA TGS8i
regulated photosynthesis and the accumulation of poly-
amines, thus enhancing salt stress tolerance in apple®.
Instead of looking at the effect of autophagy on tolerance to
short-term, severe stresses, as our past studies have done,
this work examines the role of autophagy in modulating
long-term, adaptive response under moderate drought. In
both the short-term stress response and long-term adap-
tation in apple plants, the ATG was found to be related to
changes in antioxidant capacity and upregulated autophagy.
Notably, this study demonstrated that MJATG8i-OE-
mediated autophagy functioned positively in the adaptive
response of apple to long-term drought by maintaining
plant growth and improving WUE, which may have been
achieved by exerting influence on some adaptive strategies
(i.e., maintaining the optimal stomatal aperture, developing
organized chloroplasts, and making osmotic adjustments).
In summary, this research, together with previous studies,
leads to the conclusion that autophagy is a key factor reg-
ulating both the stress response and the long-term adaptive
response in apple.

Photosynthesis is a key physiological process that directly
affects plant production and WUE'®', Enhancing the
photosynthetic ability of plants with slight changes in Gs is
considered an ideal approach to improving both yield and
WUE'. Zhou et al.®® demonstrated that photosynthesis
regulation contributed significantly to higher WUE in apple
under drought stress. Autophagy may have a positive effect
on the photosynthetic capacity of plants. Chloroplast pro-
teins that are involved in photosynthesis are less abundant
in autophagy-defective mutants under nutrient-deficient
conditions®*?, In this study, drought stress decreased the
photosynthetic efficiency of all genotypes. However, we
found that the levels of photosynthetic efficiency in the
MAATGS8i-OE plants were higher than those in the WT
plants under moderate drought conditions. Therefore, the
overexpression of MdATGSi appeared to modulate WUE
by improving the photosynthetic system in apple under
long-term moderate drought conditions.

Drought stress affects the photosynthetic efficiency of
plants primarily through stomatal closure®*. Some studies
have suggested that maintaining a certain degree of sto-
matal opening benefits plant growth under long-term
moderate drought stress®”°, Wang et al.”® demonstrated
that the apple cultivar “Qinguan,” which has high WUE,
exhibited greater stomatal aperture than the cultivar
“Honeycrisp,” which has low WUE, under long-term
moderate drought conditions. It is more conducive to
plant growth and WUE to maintain a certain degree of
stomatal opening in a long-term but relatively mild drought.
The phytohormone ABA plays a crucial role in regulating
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stomatal aperture under drought conditions®”. It has pre-
viously been reported that ABA contents were elevated in
the leaves of the autophagy-defective mutant atgl2 even
under normal conditions®®. Accordingly, we found that the
Gs and stomatal apertures in the MdATG8i-OE plants were
both larger than those in the WT plants under long-term
drought stress; this may have been due to the low ABA level
in the OE plants. In addition, autophagy has been reported
to help keep the stomata open by regulating ROS home-
ostasis in guard cells®. Here, the low intracellular ROS
levels in the guard cells of the OE plants might have been
responsible for the stomatal phenotype under drought
stress. The optimized stomatal apertures in the OE plants
resulted in improved photosynthetic capacity, which even-
tually contributed to better growth performance and greater
WUE in the transgenic lines than in WT.

In addition to stomatal limitations, nonstomatal limiting
factors that damage the photosynthetic apparatus under
drought stress also affect the photosynthetic capacity of
plants'*°, PSII is the part of the photosynthetic apparatus
and is the most vulnerable target of multiple stresses'>*. In
this study, the MdATGS8i-OE plants had higher light energy
conversion efficiency than the WT plants under long-term
drought conditions, which demonstrated the protective
effect of autophagy on PSII. It has been previously reported
that autophagy contributes to degrading damaged chlor-
oplasts to control the quality of cell chloroplasts when plants
are subjected to ultraviolet B light or heat stress*®°. Con-
sistently, we also found that the transgenic lines showed less
damage to their chloroplasts than the WT plants after
80 days of the drought treatment. In this context,
MdAATGS8i-mediated autophagy may play a role in improv-
ing photosynthesis by protecting the photosynthetic appa-
ratus in apple under long-term drought conditions.
Furthermore, the toxic ROS generated under drought stress
can destroy the photosynthetic apparatus™'. The improved
photosynthesis in the OE plants might in part be the result
of better antioxidant system functioning under long-term
drought conditions. Moreover, the milder chloroplast
damage and more active PSII in the OE plants also led to the
generation of fewer toxic ROS during the drought treatment.

Under water-limited conditions, plants accumulate var-
ious compatible solutes to make osmotic adjustments,
including soluble sugars and amino acids®~®*, Previous
works have demonstrated that osmotic adjustment is an
important drought adaptation strategy that supports plant
growth and development®”. It has been previously reported
that amino acid and sugar metabolism is substantially
modified in autophagy mutants®>®’. The autophagic pro-
cess vields sugars, amino acids, and fatty acids that can be
utilized by plants as anabolic substrates or for energy
production®®®. Sun et al.** demonstrated that MdATG18a
overexpression promoted the accumulation of carbohy-
drates in apple under N-depletion conditions. In our

920z ¥snbny G0 uo isenb Aq G€99%¥9/2-12500-120-8EY L #S/8E0L 01 /10P/d[01ME/IY/WO0 dNO"dlWapedE//:sdiy wWoly papeojumod



Jia et al. Horticulture Research (2021)8:81

Page 12 of 15

—

MdATGSi

N

Amino acids metablism
Soluble sugars metablism

< [Autophagy activity J b4

Stomatal aperture
Chloroplast integrity

|

Osmoregulation| —> ‘ WUE <« Photosynthesis
| Drought adaptability

| |

Fig. 8 A proposed model showing the regulatory function of MdATGSi in response to long-term moderate drought stress in apple. Under
long-term moderate drought conditions, MdATG8i overexpression contributes to maintaining optimal stomatal aperture and organized chloroplasts,
resulting in greater photosynthetic capacity and thus higher WUE. Moreover, increased expression of MdATGS8i also modulates the accumulation of
sugar and amino acids in response to long-term drought stress, resulting in better osmotic adjustment as well as higher WUE and drought
adaptability. Most importantly, MdATG8i overexpression promotes autophagic activity, which was likely related to the above changes, eventually

resulting in improved WUE and drought adaptability.

J

research, the OE plants accumulated more soluble sugars
and amino acids than the WT plants under long-term
moderate drought, leading to better osmotic adjustment
and stronger protection of the photosynthetic apparatus.
The favorable osmotic adjustment in OE plants con-
tributed to mitigating the negative impacts of drought on
plant growth. In addition, the accumulated starch, soluble
sugars, and amino acids in the OE plants could act as
energy sources under drought conditions and might have
been partly responsible for the improved growth and
WUE>>”°, Due to the active metabolism of sugar and
amino acids, the MdATGS8i-OE plants had higher WUE
and were more adaptive to water deficit stress than the WT
plants. However, the metabolism of sugar and amino acids
can be influenced by multiple factors, and the specific
mechanism by which autophagy affects metabolism under
drought conditions requires further exploration.

Usually, plants undergo growth—defense trade-offs when
subjected to harsh environmental conditions, and optimal
growth traits are achieved at the cost of compromised
stress tolerance’!. Previous studies have indicated that
manipulation of autophagy has an effect on various aspects
of plant fitness, including vegetative growth and stress

tolerance®®’?, Minina et al.”® found that enhanced growth
in ATGS- or ATG7-OE Arabidopsis thaliana was accom-
panied by improved tolerance to oxidative stress. Similarly,
in our research, the enhanced autophagic activity in
MdAATGS8i-OE plants resulted in better growth under long-
term drought conditions without sacrificing stress toler-
ance, ultimately leading to improved WUE and drought
adaptability. Our results demonstrate that a desirable
agronomic trait, high plant WUE with minimal costs to
growth, could be developed by modulating autophagy.

Conclusions

In summary, we analyzed the effect of MdATG8i on WUE
regulation and plant adaption to drought in apple (Fig. 8).
Our results demonstrated that MdATG8i-OE plants exhib-
ited high WUE and drought adaptability with minor biomass
penalties under long-term drought conditions. This response
could be attributed to the enhanced autophagic activity,
greater photosynthetic capacity, and improved osmotic
adjustment in the transgenic plants. Under long-term mod-
erate drought conditions, the overexpression of MdATGS8i
improved photosynthetic efficiency by contributing to
maintaining an optimal stomatal aperture, stimulating ROS
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scavenging, and protecting the photosynthetic apparatus.
The higher accumulation of carbohydrates and amino acids
in the OE lines than in the WT plants contributed to miti-
gating osmotic pressure in the OE lines. Furthermore, our
results provide new information on the relationship between
MdAATGSi-mediated autophagy and WUE regulation. The
MdAATGSi overexpression lines provide an optimal material
for the future development of apple varieties that exhibit
improved WUE with minor growth penalties under long-
term moderate drought conditions.

Materials and methods
Plant materials and stress treatment

Tissue-cultured GL-3 plantlets of M. domestica (Royal
Gala) and MdATG8i-OE lines were cultured as described
previously’’. The plants were cultivated on MS agar
medium containing 0.2 mgL ™' TAA and 0.2 mgL ™' 6BA
for 30 days. Then, after rooting on MS agar medium
containing 0.5mgL~' IAA and 0.5mgL™' IBA for
40 days, the WT and transgenic seedlings were moved to
black plastic pots containing a mixture of soil/roseite/
perlite (v:viv, 3:1:1). After culturing for 30 days in the pots,
the seedlings were transferred to larger pots (38 x 23 cm)
containing equal mixtures of soil/sand/organic matter (v:
v:v, 5:1:1) and were grown in a semiopen greenhouse at
Northwest A&F University Yangling (34°20'N, 108°24’E),
Shaanxi Province, China under environmental conditions
that were similar to field conditions.

Two-year-old plants of similar size were assigned to two
treatment groups: (i) normal conditions, daily irrigation to
maintain 75-85% field capacity, and (ii) moderate drought
conditions, daily irrigation to maintain 45-55% field
capacity. On day 80 of this experiment, the 8th to 11th
leaves from the base of the stem were collected from 15
plants per treatment. The leaves were rapidly frozen in
liquid nitrogen and stored at —80 °C.

RNA extraction and quantitative real-time polymerase
chain reaction (PCR) analysis

Total RNA was extracted as previously described by
Huo et al.*’. Quantitative real-time PCR was carried out
following Sun et al.*>. The primer sequences used in the
expression analysis are listed in Table S1.

Determinations of the growth parameters and WUE_

The measurements of plant height and stem diameter
were performed on days 0 and 80 of the long-term
drought treatment. Plant heights were measured with a
flexible ruler. The stem diameter was determined at 10 cm
above the stem base using a digital micrometer
(0.001 mm). On days 0 and 80 of this experiment, ten
plants in each treatment were harvested. After the TFW
was calculated, the samples were dried in an oven at 65 °C
for 2 weeks. Subsequently, the TDW was calculated. The
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RGR was computed as described previously’*. The WUE,
was calculated using the following formula:

WUE, = (TDW2 — TDW1)/W

where TDW?2 is the TDW of the plant on day 80, TDW1
is the TDW of the plant on day 0, and W is the water
consumed during the treatment period””.

Determinations of Pn and chlorophyll fluorescence
parameters

Photosynthetic parameters were determined on sunny
days (09:00 to 11:00 hours) using a LI-COR 6400 portable
photosynthesis system (Li-COR, Huntington Beach, CA,
USA). The measurements were performed following Sun
et al>!,

Chlorophyll fluorescence was monitored with a Dual-
PAM-100 system (Heinz Walz, Effeltrich, Germany), as
reported previously’®. The chlorophyll fluorescence para-
meters were measured after the leaves were dark-adapted
for 20 min.

Determination of physiological indices

The RWC and relative electrolyte leakage in the leaves
were measured as reported previously’”’®, The con-
centration of chlorophyll was obtained based on the
method of Lichtenthaler and Wellburn”®. The MDA levels
of the leaves were measured using the thiobarbituric acid

reaction, as previously described by Heath and Packer®.

Determination of ROS accumulation and antioxidant
enzyme activity

The accumulation of H,O, and O, were measured by
staining the leaves in fresh solutions of DAB and NBT,
respectively. The activities of SOD and POD and the
concentrations of HyO, and O, were measured as pre-
viously described by Wang et al.>®.

Detection of ROS fluorescence in guard cells

The measurements of the ROS level in the guard cells
were performed with H,DCFDA. The epidermal strips
were transferred to 10 mL of loading buffer (10 mM Tris,
50 mM KCl, pH 6.5) and treated with 50 uM H,DCFDA
in the dark for 30-60 min. Afterward, the epidermal strips
were washed with loading buffer to remove the excess dye.
The fluorescence was determined using confocal micro-
scopy (TCS SP8 SR; Leica) with an excitation wavelength
of 460-500 nm.

Determinations of starch, soluble sugars, and amino acids

The starch measurements were performed as previously
described by Sun et al.*°. The extractions and derivations of
the soluble sugars were performed as previously described by
Hu et al®. The extractions of the amino acids were
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performed as previously described, with minor modifica-
tions®. Briefly, 0.1 g of the leaf samples was extracted with
1mL of 50% ethanol mixed with 0.1 mol/L. HCl and cen-
trifuged at 12,000 x g for 10 min. The supernatants were then
filtered through 0.22-pm organic filters and diluted 20 times
with methanol to measure the concentrations of metabolites
using high-performance liquid chromatography—mass spec-
trometry (QTRAP5500; AB, America).

Observations of the leaf stomata, chloroplasts, and
autophagic bodies

After 80 days of the long-term moderate drought
treatment, the leaves at the fourth position from the top of
the plants were sampled. These samples were immediately
cut into small pieces and were fixed in a 4% glutar-
aldehyde solution in 0.1 M phosphate-buffered saline (pH
6.8) before being maintained at 4°C for 12 h. Observa-
tions of the leaf stomata were performed with a scanning
electron microscope (JSM-6360LV; JEOL Ltd., Tokyo,
Japan), as previously described by Liang et al.””. Obser-
vations of the chloroplast and autophagic bodies were
conducted using a transmission electron microscope
(JEOL-1230; Hitachi, Tokyo, Japan), as previously repor-
ted by Sun et al®’. The stomatal density and aperture
were measured with the Image] software.

Statistical analysis

SPSS 22.0 software was used for statistical data analysis.
All experimental data were subjected to one-way analysis
of variance, and the differences between means were
assessed by Tukey’s multiple range tests (P <0.05). The
values are represented as means + standard deviations.
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