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ABSTRACT: As the leading global producer of apples, China’s apple industry faces substantial challenges
posed by abiotic stresses. Consequently, it is imperative to carry out an in-depth synthesis and refinement
of the unique physiological and molecular mechanisms underlying apple stress resistance, as well as to
comprehensively and precisely uncover their response patterns under diverse abiotic stress conditions. Such
endeavors are crucial for fostering the sustainable development of the apple industry. Presently, research
on abiotic stresses in Chinese apples is intricately linked to industrial issues prevalent in major apple-
producing regions, with a primary emphasis on improving drought, cold, and salt-alkali tolerance. This
review synthesizes studies on Chinese apples, spanning tree growth, physiological biochemistry, and
molecular regulation. Key questions and future directions are outlined to inform research on stress
resistance and precision breeding strategies.
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China holds the distinction of being the world’s foremost apple-producing region. According to data
from the Food and Agriculture Organization of the United Nations (FAO, http://www.fao.org/home/zh/
accessed on 5 May 2026), global apple cultivation covered an area of 4.6183 million hectares (hm?) in 2023,
with China contributing 1.9966 million hm? and producing 49.6031 million metric tons (t), thereby
accounting for 51.88% of the global apple output. China leads the world in both apple production volume
and cultivated area. However, in recent years, the increasing frequency of extreme weather events and the
worsening issue of land salinization have led to natural disasters that directly threaten the sustainable
development of the apple industry. Currently, research on abiotic stress in apples in China closely aligns
with the industrial challenges faced in major apple-producing regions, primarily focusing on drought, cold,
and salt-alkali tolerance [1]. Notably, the Loess Plateau region experiences severe issues related to drought
and low temperatures, whereas the regions surrounding the Bohai Bay and the ancient channel of the Yellow
River predominantly confront challenges associated with salt-alkali conditions.

© 2026 The authors. This is an open access article under the Creative Commons Attribution 4.0 International License
5Y (https://creativecommons.org/licenses/by/4.0/).
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1. Effects of Abiotic Stress on the Growth of Apple Trees
1.1. Effects of Drought on the Growth of Apple Trees

Drought can induce physiological damage in apple trees, such as wilting and drying of branches and
leaves. In severe cases, it can even trigger programmed cell death and negatively impact fruit quality and
yield. The root system serves as the primary organ for apples to absorb water and nutrients, and a well-
developed root system enables apples to survive during drought periods. Under drought conditions in the
semi-arid hilly regions of the Loess Plateau, fine roots of apple trees exhibit a significant increase in both
average depth and biomass [2]. This change represents an adaptive response by apple trees to cope with
drought, allowing them to obtain water from deeper soil layers to sustain normal growth and development
[3]. Specifically, the root system of apple trees possesses the ability to sense the surrounding soil moisture
conditions and can precisely regulate its own water absorption capacity based on these sensory inputs.
Under drought stress, roots synthesize abscisic acid (ABA). As an important plant hormone, ABA can
induce stomatal closure in leaves, thereby reducing water loss through transpiration [4]. Simultaneously,
cavitation occurs in the xylem, leading to embolism. This process significantly reduces the hydraulic
conductivity of the xylem, further limiting water loss at the whole-plant level and ultimately achieving the
goal of water conservation under drought conditions [5]. Research has demonstrated a close association
between the decline in root hydraulic conductivity of apple rootstocks and alterations in root anatomical
structural characteristics, as well as a reduction in aquaporin (AQPs) activity. When confronted with
progressively intensifying drought stress, root hydraulic conductivity exhibits a significant decrease [6]. To
effectively counteract the adverse impacts of drought stress, plants need to upregulate the expression levels
of AQPs. By increasing the quantity of AQPs, they can enhance the water transport capacity of roots,
thereby mitigating, to a certain extent, the damage caused by drought stress to plant growth [7]. Meanwhile,
the response of apple rootstocks to drought stress is closely linked to differences in the growth capacity of
scion shoots among various rootstock-scion combinations. Among different rootstock-scion combinations,
rootstocks that promote the growth of scion shoots generally have significantly higher tissue conductivity
compared to those that restrict scion shoot growth. Furthermore, the water potential of rootstocks promoting
scion shoot growth is also notably lower than that of rootstocks limiting scion shoot growth [8]. Leaves, as
key organs for photosynthesis and transpiration, play a central role in apple trees’ response to drought.
Apple leaves can enhance their drought adaptability through morphological and structural characteristics
such as smaller leaf area, increased leaf thickness, and higher leaf tissue density. Under drought stress, the
turgor pressure of apple leaves decreases significantly, accompanied by reduced photosynthetic rate,
leading to decreased leaf area [9]. Changes in the ultrastructural characteristics of leaves and chlorophyll
content can directly reflect the growth status of apple trees after exposure to drought stress. In a drought
environment, the thickness of the spongy tissue, palisade tissue, and chlorophyll content in the leaves of
Malus prunifolia (Willd.) Borkh. cv. Fupingqiuzi all show varying degrees of decline [10]. When soil water
content falls within the range of moderate drought, the contents of antioxidant substances such as total
ascorbic acid, reduced ascorbic acid (AsA), total glutathione, and glutathione (GSH) in apple leaves
increase significantly. This helps enhance the antioxidant capacity of leaves and alleviate the damage
caused by drought stress to leaf cells [11]. Thus, it can be seen that apple trees can effectively resist the
adverse impacts of drought stress and maintain normal growth and development by actively regulating the
physiological and biochemical reactions of leaves and activating their own stress resistance mechanisms.

Flower bud differentiation and fruit growth and development are critical fundamental processes that
determine the yield and quality of fruit trees. During the flower bud differentiation stage of apples, short-
term drought treatment can induce changes in the contents of various endogenous hormones within the
flower buds. These alterations in endogenous hormone levels are conducive to the normal formation of
flower buds and can effectively increase their number [12]. During the fruit enlargement period, moderate
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control of water supply has a positive impact on the growth and development of apples. Appropriate water
control facilitates the accumulation of photosynthates within apple plants, promotes the orderly transition
from vegetative growth to reproductive growth, and thereby enhances the fruit-setting rate. However, when
apples are subjected to severe drought stress, a series of adverse effects will occur on processes such as
flower bud differentiation, flowering, fruit setting, and fruit development. Severe drought stress can result
in incomplete flower bud differentiation, delay the flowering period of apples, significantly reduce pollen
viability, and decrease the fruit-setting rate [13].

The varying degrees of drought stress also exert differentiated impacts on fruit quality. Mild drought
stress does not significantly affect the appearance quality and yield of apples, but it significantly enhances
their internal quality. Moderately reducing irrigation volume can effectively promote fruit ripening, elevate
fructose, glucose, and sorbitol levels, and improve fruit firmness indicators. It also reduces the incidence
of mechanical damage to fruits during storage, thereby enhancing their storability. During the late stages
of fruit development, appropriate mild drought stress can decrease the occurrence rate of surface cracks on
fruits and improve the smoothness of the fruit surface. However, under conditions of severe drought stress,
both the yield and quality of apple fruits suffer significant negative impacts. Severe drought stress weakens
the nutrient transport efficiency of apple plants, hindering the effective accumulation of mineral elements
in the fruits. Additionally, severe drought stress leads to a decline in the edible rate and a deterioration in
apple crispness, thereby reducing their commercial value [14].

1.2. Effects of Low Temperature on the Growth of Apple Trees

With the continued intensification of the global greenhouse effect, the stability of air temperature has
declined significantly, increasing the risk of chilling injury (temperatures above 0 °C) or freezing injury
(temperatures below 0 °C) to apples at different stages of their growth and development. The critical periods
mainly include late autumn to early winter, mid-winter, and late winter to early spring.

During the transitional period from late autumn to early winter, the daily mean temperature remains
relatively high, causing some apple plants to not fully terminate their growth processes. At this time, the
continuously growing autumn shoots are semi-lignified, and their physiological characteristics are not yet
stabilized. Meanwhile, the incomplete abscission of leaves hinders the full reflux of nutrients, resulting in
a shallow dormancy level of various organs and tissues in the tree, a shortened duration of low-temperature
acclimation, and a significantly increased sensitivity of the tree to low-temperature environments. If a sharp
temperature drop occurs over a short period, freezing injury is highly likely to occur. After freezing injury,
leaves fail to shed normally, and the continuous respiration accelerates the consumption of nutrients in the
tree, thereby weakening the tree’s vigor and increasing the susceptibility of apple trees to freezing injury
during the severe cold of mid-winter. Additionally, the cambium of autumn shoot twigs exhibits varying
degrees of browning, and flower buds in the differentiation stage are also highly vulnerable to the adverse
effects of low temperatures [15].

The cold tolerance of apple trees in mid-winter is closely related to their degree of cold acclimation
and dormancy depth. Cold acclimation is a low-temperature adaptation mechanism that apple trees have
developed through long-term evolution during their natural growth process. This mechanism induces a
series of molecular, physiological, and biochemical changes in the tree by exposing it to low-temperature
environments, thereby gradually enhancing its freezing tolerance. Dormancy is a physiological
phenomenon in which apple trees, upon perceiving low-temperature signals, induce a temporary halt in
their growth activities. By entering dormancy, apple trees can reduce energy consumption and water loss,
thus maintaining a homeostatic balance during winter. Timely completion of the cold acclimation process
and entry into dormancy are key biological strategies for apple trees to survive winter safely. However, the
current trend of global warming may prevent apple trees from accumulating sufficient low-temperature
units during winter dormancy. Additionally, rising temperatures may prolong the growing season of apple



Biobreeding 2026, 1(3), 10012. doi:10.70322/biobreeding.2026.10012 4 of 21

trees, delaying their entry into dormancy and consequently reducing their cold tolerance. Persistent
extremely low temperatures during midwinter significantly increase the risk of freezing injury to apple trees.
Specifically, the pith of flower buds and leaf buds undergoes browning, leading to malformed bud
development and affecting pollination and fruit setting in apples. The phloem or xylem of vigorous but
unproductive shoots exhibits browning and necrosis, with tree trunks cracking longitudinally and bark
detaching along the cracks. Moreover, this condition is prone to induce various diseases such as canker,
ring rot, and dry rot [16]. The exposed root collar of apple trees, being the part of the above-ground portion
that enters dormancy last and exits dormancy earliest, is highly susceptible to freezing, causing the phloem
of its root system to turn brown. This can result in weakened tree vigor or even death. In years with severe
low-temperature disasters in mid-winter, orchards may even suffer complete destruction.

Under the continuous influence of global warming, the rate of temperature increase during late winter
and early spring has significantly accelerated. This change prompts apple trees to complete deacclimation
prematurely, leading to a gradual decline in the cold tolerance of their various organs and an earlier
flowering period. However, the spring climate is characterized by significant fluctuations, with frequent
sudden cold spells that are highly likely to cause adverse consequences, including freeze injury to apple
flower organs, premature abscission of young fruits, and fruit malformation. Freeze injury during the
flowering period directly results in frozen inflorescences in apples, affecting the normal development and
function of flower organs. Late frost damage exerts a severe impact on apple yield, having previously led
to varying degrees of yield reduction across the country’s apple-producing regions. Numerous studies have
indicated that late frost damage occurring during late winter and early spring has become one of the primary
meteorological disasters affecting apple yield and quality. Some scholars have pointed out that in temperate
climate zones, the damage caused by spring flowering freeze injury to fruit tree production has surpassed
that of winter freeze injury [17].

1.3. Effects of Saline-Alkali Conditions on the Growth of Apple Trees

Apple trees are moderately salt-sensitive fruit trees, and soil salinization poses a significant constraint
on their survival and growth, affecting apple production in many regions of China. Low-concentration
saline-alkali stress can promote the growth of apple trees, whereas high-concentration saline-alkali stress
markedly inhibits growth. When the stress level reaches a certain threshold, it can even lead to tree death.
The growth increment of apple trees under saline-alkali stress is often regarded as one of the crucial
quantitative indicators for evaluating their salt-alkali tolerance.

Both plant height and stem diameter of apple trees gradually decrease as stress concentration increases,
and the extent of reduction varies among cultivars with different salt-alkali tolerances [18,19]. Under saline-
alkali stress, the root anatomical structure plays a crucial regulatory role in the absorption and transport
efficiency of water and nutrients. Saline-alkali stress can cause the collapse of cortical cells in fine roots,
disrupting the mechanical coupling between the cortex and the stele, significantly reducing root tensile
strength and affecting the anchoring function and mechanical resistance of roots in the soil. By maintaining
the hydration state of cortical cells and reconstructing the elastic fiber network, the plastic deformation
capacity of roots can be effectively enhanced. On one hand, this forms a physical barrier that prevents
harmful ions from entering cells; on the other hand, it blocks the transport of water and mineral ions to the
stele via the apoplastic pathway, thereby mitigating the toxic effects of saline-alkali stress on the root
vascular system [20,21]. Leaf anatomical characteristics are also closely related to salt-alkali tolerance. The
ratio of the thickness of spongy tissue to that of palisade tissue, as well as the cuticle thickness, both exhibit
a significant positive correlation with the salt-alkali tolerance of apple trees. Under saline-alkali stress, the
overall thickness of apple leaves increases, and the cuticle thickens, which helps reduce water loss from the
leaf surface. Simultaneously, the stomatal aperture decreases, and stomatal density decreases, further
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reducing transpiration and enhancing the water retention capacity of apple plants in saline-alkali
environments [18,19].

2. Effects of Abiotic Stress on the Physiology and Biochemistry of Apple Trees
2.1. Effects of Drought on the Physiology and Biochemistry of Apple Trees

Drought directly impacts photosynthesis in apple leaves. As the relative water content (RWC) of the
soil decreases, the net photosynthetic rate (Pn), transpiration rate (Tr), intercellular CO2 concentration (Ci),
and stomatal conductance (Gs) of apple leaves all exhibit a declining trend, while the water use efficiency
(WUE) of the leaves increases significantly [8]. Under mild drought stress, stomatal limitation is the
primary factor leading to a reduction in photosynthetic rate, as partial stomatal closure restricts CO2 entry
into mesophyll cells and inhibits the CO2 fixation process. In contrast, under severe drought stress, non-
stomatal factors dominate, and the decline in photosynthetic rate is mainly attributed to reduced activity of
the Photosystem II (PSII) reaction center, thereby triggering photoinhibition. The main regulatory
mechanisms for enhancing WUE in apple leaves include: maintaining carbon assimilation function by
upregulating the activity of key enzymes in the Calvin cycle (e.g., Rubisco activase); and stabilizing
photosynthetic electron transport by optimizing the configuration of components in the photosynthetic
electron transport chain (e.g., cytochrome bsf complex), thereby preventing photoinhibition and improving
Pn [22]. Apple trees can adaptively regulate photosynthesis in response to drought stress by dynamically
adjusting physiological processes such as stomatal opening/closing and photosynthetic rate.

Osmotic adjustment is a crucial physiological mechanism by which apple trees cope with drought stress,
enhancing their ability to adapt to adverse conditions by reducing cellular osmotic potential and maintaining
cell turgor. Osmotic adjustment substances primarily include inorganic ions absorbed from the external
environment (e.g., Na®, K") and organic osmolytes synthesized within the plant. Under drought stress, the
proline (Pro) content and soluble sugar concentration in apple leaves exhibit an upward trend. Despite the
reduced photosynthetic carbon fixation in drought-stressed leaves, the accumulation of water-soluble
carbohydrates indicates that apple plants can undergo extensive carbon redistribution [23]. To respond to
short-term water deficits, the sorbitol metabolic pathway can be induced and activated, with high levels of
hexoses from photosynthetic products being transported into vacuoles for storage, thereby maintaining
cellular osmotic balance. Ton pumps for Na®, K*, H', and other ions can also modify cellular osmotic
potential by regulating the concentrations of inorganic ions inside and outside the cells. Changes in the
types and concentrations of osmotic adjustment substances across various organs of apple trees under
drought stress influence water absorption and utilization by the tree.

Drought stress disrupts the dynamic equilibrium between the production and scavenging of reactive
oxygen species (ROS) in apple trees, leading to excessive accumulation of intracellular ROS and
subsequent oxidative damage to cellular structures [24]. The antioxidant system within plants can neutralize
the toxicity of ROS, encompassing a series of ROS scavengers. Among these, the enzymatic components
include superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT), while the non-enzymatic
components comprise ascorbic acid, glutathione, proline, carotenoids, and flavonoids. Under drought stress,
the precise regulation of these enzymatic and non-enzymatic substances is crucial for maintaining ROS
homeostasis [25,26].

Under drought stress, the ABA content increases in the cells of the meristematic and elongation zones
of apple roots, exhibiting a gradual shift from the nucleus and cytoplasm to the cell wall, plasma membrane,
and nuclear envelope. Additionally, substantial amounts of ABA are detected in the cytoplasm of vessel
cells [27,28]. The interactions among hormones also influence the apple’s response to drought stress. ABA
and indole-3-acetic acid (IAA) jointly regulate the accumulation of ascorbic acid to scavenge ROS through
antagonistic effects [29]. ABA and jasmonic acid (JA) share a synergistic signaling pathway in apple’s
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tolerance to drought stress [30]. Stomatal opening and closure are modulated by the interaction between
ABA and cytokinins (CTK), with stomatal closure further triggering an increase in ethylene (ETH)
concentration [31,32].

2.2. Effects of Low Temperature on the Physiology and Biochemistry of Apple Trees

Chlorophyll, as a key pigment in photosynthesis, plays a central role in regulating the mechanisms of
photosynthetic energy absorption and conversion in apple trees under low-temperature stress. Low-
temperature stress significantly reduces chlorophyll content in apple leaves, leading to the partial
conversion of absorbed light energy into chlorophyll fluorescence. By closing the PSII reaction center,
plants effectively reduce light energy capture, thereby lowering the risk of photooxidative damage and
enhancing cold tolerance. When exposed to low temperatures, photosynthesis-related components can
perceive stress signals and counteract cold injury by enhancing physiological processes associated with
energy metabolism. During this process, the content of polyamines such as putrescine and spermine in the
antenna complex undergoes significant changes, and their regulatory effects influence the structure and
function of the photosynthetic system. Low-temperature stress induces a series of adaptive alterations in
the photosynthetic system that are interrelated with declines in photosynthetic electron transport rates.
These changes collectively lead to the inactivation of active reaction centers, the enhancement of energy
dissipation pathways such as non-photochemical quenching (NPQ), and ultimately result in reduced
photosynthetic efficiency and a marked decline in the maximum photosynthetic rate [33].

Under low-temperature stress, a substantial accumulation of osmoregulatory substances, such as
soluble sugars and soluble proteins, occurs in apple trees, representing a crucial mechanism for enhancing
their cold tolerance [34,35]. The process of starch hydrolysis in flower buds during the dormant period of
apple trees is closely and positively correlated with dormancy depth. During this process, sucrose, fructose,
and glucose continuously accumulate, not only providing essential energy reserves for flower bud
development and early spring germination but also effectively improving their cold tolerance [36]. Studies
have demonstrated that apple rootstocks with strong cold tolerance exhibit relatively high levels of soluble
proteins when subjected to low-temperature stress during natural overwintering. Furthermore, the soluble
protein content in one-year-old branches continuously increases as environmental temperatures decline [37].
Additionally, the significant accumulation of proline also contributes to mitigating the damage caused by
low temperatures.

Low-temperature stress can disrupt the dynamic equilibrium of electron transfer and redox processes
in apple trees, leading to a significant increase in ROS content. On one hand, ROS can serve as signaling
molecules to trigger metabolic processes in response to low temperatures within apple trees. On the other
hand, when ROS accumulate excessively, they cause oxidative damage to biological macromolecules,
including biomembranes, proteins, and nucleic acids, potentially leading to cell death under severe
conditions [38]. Studies have demonstrated that antioxidant capacity is closely related to cold tolerance in
apple trees. Apple rootstocks with strong cold tolerance exhibit higher activities of SOD and POD, with
antioxidant enzyme activities increasing substantially as the severity of low-temperature stress intensifies.
Notably, SOD activity can serve as a primary physiological indicator for evaluating cold tolerance in Malus
sieversii (a wild apple species native to Xinjiang) [15].

ABA, serving as a critical hub in low-temperature signal transduction, rapidly accumulates during the
cold acclimation process of apple plants in autumn and winter, thereby inducing bud dormancy and
protecting them from low-temperature stress. Studies have demonstrated that ABA can synergize with the
JA signaling pathway to collectively enhance cold tolerance in apple trees [39]. Additionally, reducing the
ratio of IAA to ABA in apple plants promotes anthocyanin accumulation, which also contributes to
improved cold tolerance [40]. Conversely, blocking ETH signal transduction pathways or disrupting CTK
homeostasis significantly reduces cold tolerance in apple seedlings [41,42].
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2.3. Effects of Saline-Alkali Stress on the Physiology and Biochemistry of Apple Trees

Chlorophyll content exhibits a significant positive correlation with saline-alkali tolerance in apple trees.
On one hand, saline-alkali stress markedly reduces the contents of chlorophyll a and chlorophyll b, leading
to a decline in the efficiency of light energy capture and conversion in leaves. On the other hand, osmotic
stress and ionic toxicity caused by the accumulation of saline-alkali ions directly disrupt the ultrastructural
integrity of chloroplasts, alter their internal component composition, and compromise the functional
stability of the photosynthetic membrane system [43]. The decline in photosynthetic rate under saline-alkali
stress in apple trees demonstrates stage-specific characteristics: during mild stress, partial stomatal closure
restricts COz2 supply, with stomatal limitation serving as the primary factor inhibiting photosynthesis. As
stress intensity increases, non-stomatal limitation becomes the dominant mechanism, characterized by
impaired activity of PSII reaction centers, significantly reduced initial light energy capture capacity and
light energy assimilation efficiency, and increased dissipation of excess light energy as heat.

Maintaining intracellular ion homeostasis is a crucial factor for apple trees to exhibit saline-alkali
tolerance, a process involving the coordinated regulation of multiple ion transporters. Among them, the Salt
Overly Sensitive (SOS) signaling pathway serves as the core mechanism for regulating Na" homeostasis,
encompassing SOS1 (a plasma membrane Na'/H" antiporter), SOS2 (a CBL-interacting protein kinase,
CIPK), and SOS3 (a calcium-binding protein) [44]. Under saline-alkali stress, excessive accumulation of
Na" disrupts the structural and functional integrity of cellular membrane systems, whereas an increase in
K" content helps maintain cellular water balance and reduce cellular osmotic potential. Apple plants can
sustain a high intracellular K"/Na" ratio by selectively absorbing K* and limiting Na" uptake, thereby
ensuring normal physiological activities [45]. Under saline-alkali stress conditions, apple leaves actively
accumulate soluble organic solutes and inorganic salt ions to lower intracellular osmotic potential,
accompanied by elevated levels of proline and soluble proteins. Apple glycosyltransferases enhance saline-
alkali tolerance by mediating the synthesis of cell wall polysaccharides [46]. Treatment with y-aminobutyric
acid (GABA) increases soluble sugar content and ion transport capacity in apple trees under saline-alkali
stress [47]. Additionally, dopamine treatment elevates soluble protein levels and antioxidant enzyme
activities in apple trees subjected to saline-alkali stress [48].

Saline-alkali stress disrupts intracellular ion homeostasis in apple plants, triggering metabolic
disturbances and leading to excessive accumulation of ROS. The primary types of ROS include hydroxyl
radicals (OH), hydrogen peroxide (H202), and superoxide anions (O2"). The overaccumulation of ROS can
cause damage to various cellular components, including membrane systems, photosynthetic pigments,
proteins, and lipids, thereby subjecting apple plants to more severe oxidative stress [49]. However, as early
stress signals, excessive scavenging of ROS renders apple plants more sensitive to saline-alkali stress.
Protein modifications of antioxidant enzymes facilitate the maintenance of ROS homeostasis [50,51].

Under saline-alkali stress, ABA binds to specific receptors, triggering phosphorylation modifications
of ion channels, which subsequently promote the efflux of K" and CI". This process leads to stomatal closure
and helps maintain intracellular ion homeostasis. Moreover, it effectively suppresses excessive Cl~
accumulation within the plant, thereby alleviating damage caused by chloride salt toxicity [52].
Strigolactones (SLs) also influence ABA concentration and its signaling response. Studies have
demonstrated that SLs interact with ABA to jointly regulate stomatal aperture. When apple plants are
subjected to saline-alkali stress, endogenous ABA levels increase significantly, directly inducing stomatal
closure through related physiological processes. This, in turn, reduces transpiration and minimizes water
loss. The effect of SLs on stomatal movement depends on ABA synthesis and transport [53].
Brassinosteroids (BR) and CTK also enhance saline-alkali tolerance in apple plants by mitigating the sharp
decline in K" and Ca** contents under stress conditions, thereby maintaining ROS homeostasis and
promoting proline accumulation [54,55].
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3. Effects of Abiotic Stress on the Gene Regulatory Networks in Apple Trees
3.1. Effects of Drought on the Gene Regulatory Networks in Apple Trees

When apple trees perceive drought stress, downstream transcriptional regulatory responses are
immediately activated. In this context, both ABA-dependent and ABA-independent signal transduction
pathways play crucial regulatory roles. Under the ABA-dependent regulatory mechanism, ABA signaling
molecules or drought stress signals can induce the expression of the MdABI5 transcription factor. By
specifically binding to the promoter regions of ABA-responsive genes, MdABI5 upregulates the expression
levels of these genes, promoting ABA accumulation within apple trees and ultimately enhancing their
tolerance to drought stress [56]. In the ABA-independent signal transduction pathway, studies have
demonstrated that transcription factors from families such as bZIP, bHLH, DREB, MYB, NAC, WOX, and
WRKY play pivotal roles in the apple tree’s response to drought stress (Table 1) [2,6,25,26].

In addition, through transcription and translation processes, certain functional genes in apple trees
encode the synthesis of various bioactive substances with distinct functions, thereby effectively enhancing
their drought tolerance. These functional genes include those involved in the synthesis of osmoregulatory
substances, genes encoding ROS-scavenging enzymes, key enzyme genes in plant hormone synthesis or
degradation pathways, and AQP-encoding genes, among others. Notably, enzyme genes participating in
the synthesis of osmoregulatory substances (such as proline, betaine, sorbitol, and mannitol) can actively
regulate the drought response mechanisms of apple trees from multiple dimensions following
overexpression or heterologous expression [38]. Drought stress induces the enhanced activity of a series of
key ROS-scavenging enzymes, including SOD, POD, and CAT, while simultaneously promoting the
upregulated expression of their encoding genes. Under drought stress, MdSODI1 is transcriptionally
activated, triggering ROS scavenging and enhancing drought tolerance in apple trees—a process that can
be regulated by the ABA cascade [26]. Maintaining stable expression of MdIPT5b under drought stress
facilitates CTK homeostasis and ROS balance [6]. Under conditions of insufficient water supply,
overexpression of the AQP genes MdTIP1.3 and MdTIP1.4 in apple dwarfing rootstocks improves drought
tolerance by enhancing antioxidant enzyme activity, alleviating ROS-induced damage to cell membranes,
and reducing malondialdehyde (MDA) accumulation [7].

MicroRNAs (miRNAs) also serve as key regulators of drought tolerance in apple trees. Overexpression
of miR156 significantly enhanced the tolerance of transgenic apple callus to PEG-induced drought stress
[57]. Analysis of miR160 expression levels in the scion and rootstock of apple trees revealed that miR160
can translocate from the scion to the rootstock, promoting root system development in the rootstock and
thereby enhancing drought tolerance in apple trees [57]. In addition, miR171i was found to directly target
MsSCL26.1 and to function as a key regulator of drought response by modulating the homeostasis of
ascorbic acid metabolism [57]. Under drought stress, autophagic activity is elevated in apple trees,
facilitating the clearance of damaged organelles and proteins through autophagy. Overexpression of the
autophagy-related gene MdATG10 enhances autophagic activity in apple trees, reduces drought-induced
damage to the biological membrane system, and improves plant drought tolerance [58].

3.2. Effects of Low Temperature on the Gene Regulatory Networks in Apple Trees

Under low-temperature stress, apple plants perceive cold signals and induce the expression of
numerous genes associated with low-temperature responses (Table 1). This process facilitates the synthesis
of cold-protective proteins and metabolic regulatory complexes, establishing new systems for energy
balance, metabolite balance, and redox balance, ultimately enhancing their cold tolerance. Among these
mechanisms, Ca** serves as a critical second messenger in cells, and its intracellular concentration rapidly
increases under low-temperature stress. This elevation is sensed by downstream calcium signaling receptors,
triggering a cascade of low-temperature signal transduction events. Calcium-dependent protein kinases
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(CDPKs) represent an important class of calcium receptors. In apple plants overexpressing the MdCPK 1a
gene, cold tolerance is enhanced through the scavenging of intracellular ROS accumulation and the
regulation of stress-related gene expression. Cation/H" exchanger proteins (CAXs) mediate the transport of
Ca?" into vacuoles, effectively maintaining low cytoplasmic Ca®" concentrations. However, under low-
temperature stress, promoting the expression of the MdCAX3L-2 gene inhibits low-temperature-induced
Ca?" signaling pathways, thereby reducing cold tolerance in apple plants [59].

CBFs, as key transcription factors that respond to low-temperature stress, can specifically recognize
and bind to the DRE/CRT cis-acting elements within the promoters of cold-responsive (COR) genes. This
binding activates the transcription of downstream genes, triggering a series of cold-responsive cascades. In
studies focusing on the CBF-dependent low-temperature signal transduction pathway in apple trees,
multiple members of the CBF transcription factor family have been successfully isolated and identified,
and their biological functions in enhancing cold tolerance in apple have been verified [36]. Notably,
numerous other transcription factors in apple trees can also influence plant cold tolerance by directly
regulating CBF genes [37,39,42,60-63]. Therefore, the CBF-dependent low-temperature signal
transduction pathway involves a complex network of interactions among multiple transcription factors and
proteins, which collectively and precisely modulate the expression patterns and levels of COR genes,
thereby enhancing cold tolerance in apple trees.

The CBF-independent low-temperature signal transduction pathway also represents an indispensable
and critical mechanism for apple trees to adapt to low-temperature environments. The key enzyme gene
MdGolS5 in the raffinose family oligosaccharides (RFOs) metabolic pathway enhances osmotic balance
within cells under low-temperature stress by increasing the intracellular contents of galactinol and raffinose.
Simultaneously, it mitigates oxidative damage to cells caused by ROS induced by low temperatures, thereby
improving cold tolerance in apple plants [64]. The apple ferritin receptor kinase MdMRLK2 can
specifically interact with the transcription factor MAMYBPA1, which regulates anthocyanin synthesis.
Under low-temperature stress, this interaction induces the synthesis and accumulation of anthocyanins,
enhancing cold tolerance [12]. Additionally, under low-temperature stress, the MAHY5 transcription factor
suppresses the expression of auxin amido synthetase genes MdGH3-2/12 while activating the expression
of the key ABA synthesis enzyme gene MdNCED?. This effectively reduces the intracellular IAA/ABA
ratio, thereby enhancing cold tolerance in apple trees [40].

Post-translational modifications of proteins play a crucial role in regulating protein stability and
enhancing the adaptability of apple trees to low-temperature stress. In apples, the transcription of the SUMO
E3 ligase gene MdSIZI is upregulated under low-temperature stress, promoting the expression of genes
related to anthocyanin synthesis and thereby improving cold tolerance [65]. The U-box-type E3 ubiquitin
ligase MdPUB23 in apples acts as a negative regulator of low-temperature stress by specifically interacting
with MdICE], a key regulator of cold stress response, and inhibiting the activation of the CBF signaling
pathway [66]. The histone deacetylase MAHDA6 modifies the histones of the cold-negative regulatory gene
MATCPI5 through deacetylation, altering chromatin structure and gene expression activity. This
modification reduces the expression of the cold-negative regulatory gene MdABII while enhancing the
expression of the cold-positive regulatory gene MdCOR47, thereby positively regulating cold tolerance in
apple trees [67]. When exposed to low temperature, the expression levels of miR156 and miR160 are
elevated in cold-sensitive MAHYL1 RNAI transgenic apple plants [57].

3.3. Effects of Saline-Alkali Stress on the Gene Regulatory Networks in Apple Trees

Functional genes involved in the response of apple trees to saline-alkali stress play a central regulatory
role. Based on their biological functions, these genes can be categorized into three major groups: genes
responsible for the synthesis of osmoregulatory substances, genes encoding stress-resistant proteins, and
genes involved in ion transport and the re-establishment of ion balance. Under saline-alkali treatment,
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overexpression of the apple glycosyltransferase gene MhGolS2 can effectively maintain cellular osmotic
balance by regulating the intracellular content of osmoregulatory substances, thereby enhancing tolerance
to saline-alkali stress [46]. Under salt stress, overexpression of the apple zinc finger protein gene MdZAT17
significantly promotes root growth in seedlings, induces anthocyanin accumulation, and mitigates cellular
damage caused by salt stress [51]. MACCX1 and MdCCX2 are Na/H" antiporters localized to the plasma
membrane of apple cells. Under salt stress, MACCX1 and MdCCX2 expel intracellular Na" to the
extracellular space, thereby reducing the toxic effects of Na* on cells and improving salt tolerance in apple
trees [45,59]. Notably, the Na* efflux mechanisms mediated by MdCCX1 and MdCCX2 differ from the
Na" compartmentalization mechanism mediated by MANHX1.

Transcription factors also play a pivotal role when apple plants are subjected to saline-alkali stress
(Table 1). The apple genome harbors a diverse array of transcription factor families, with different family
members exhibiting distinct functions and effects in response to saline-alkali stress. The apple transcription
factor MAERF106 physically interacts with MdAMYB63, which enhances the binding affinity of MAMYB63
to the promoter of the MdSOS1 gene, thereby positively regulating salt tolerance in apple plants [68]. The
apple transcription factor MdAWRKY 18 specifically recognizes and binds to the promoters of the salt-
responsive genes MdSOS2 and MdSOS3, thereby activating their transcription and enhancing salt tolerance
in apple plants [44]. The apple transcription factor MdHB7 binds to the promoter of the autophagy-related
gene MdATG18a and regulates its expression, thereby augmenting intracellular autophagic activity under
salt stress [45]. The apple MdMYB44-like transcription factor interacts with the ABA receptor MAPYLS8
to form a complex that jointly suppresses the expression of the protein phosphatase gene MdPP2CA and
precisely regulates ABA-mediated physiological processes related to salt tolerance in apples [68]. The
mdm-MIR156a in apples targets the MdSPLI3 transcription factor, upregulating the transcription of
MAWRKY100 to modulate the salt tolerance of the plants [69].

Table 1. Stress-responsive transcription factors in Malus species.

Transcription Factors Members Mechanisms Stresses
MhDREB2A [70] Root development Drought
MsDREB6.2 [71] Stomatal closure/ROS scavenging Drought
MAJERF38 [72] Anthocyanin biosynthesis Drought
AP2/ERF MJERF1B [42] CBF dependent/ETH biosynthesis Low-temperature
MdADREB76 [73] ROS scavenging Saline-alkali
MdJERF4 [74] ETH biosynthesis Saline-alkali
MJERF106 [75] Regulating MdSOS|1 expression Saline-alkali
MdBBX7 [76] ROS scavenging/Root development Drought
MdBBX10 [77] ROS scavenging/Root development Drought
MdDof54 [78] ROS scavenging/Root development Drought
MdAZATS [79] miRNA biogenesis Drought
ZFP Drought/Low-

MdAZATI10 [70 Root devel t/ROS ing/Target i
[70] oot developmen scavenging/Target gene expression temperature

CBF dependent/Anthocyanin biosynthesis/JA mediated

MdBBX37 [80] Low-temperature

response
MdBBX20 [81] Anthocyanin biosynthesis Low-temperature
MdbHLHm1 [82] Stomatal closure Drought
MdbHLH130 [83] Stomatal closure Drought
MdbHLH160 [26] ROS scavenging Drought
bHLH MdACIbHLHI [42,84] CBF dependent/ETH biosynthesis Low-temperature
MdbHLH3 [85] Anthocyanin biosynthesis Low-temperature
MdbHLH33 [86] Anthocyanin biosynthesis Low-temperature

MxbHLHI18 [87] ROS scavenging Saline-alkali




Biobreeding 2026, 1(3), 10012. doi:10.70322/biobreeding.2026.10012

11 of 21

MdASATI [82] ABA response Saline-alkali
MdMYBI [72] Anthocyanin biosynthesis Drought
MdJSIMYBI [88] Anthocyanin biosynthesis/Root development Drought
MdMYB44-like [68] Stomatal closure Drought/Sg fine-
alkali
MdMYB88/124 [89— Stomatal closure/Root development/CBF Drought/Low-
91] dependent/Anthocyanin biosynthesis/ROS scavenging temperature
MYB MAMYB94 [92] ROS scavenging/Cuticular wax biosynthesis/Root Drought
development
MdMYB23 [93] CBF dependent/Anthocyanin biosynthesis Low-temperature
MdMYB46 [94,95] Lignin biosynthesis/Target gene expression Low-temperature
MdMYBS83 [95] Lignin biosynthesis Low-temperature
MdMYBIO0SL [96] CBF dependent Low-temperature
MdMYB308L [86] Anthocyanin biosynthesis Low-temperature
MdMYB63 [75] Regulating MdSOS1 expression Saline-alkali
MdANACI [97] ROS scavenging Drought
MdJNACI143 [98] ROS scavenging Drought
MbNAC25 [99] ROS scavenging Low-temperature
NAC MdNACO029 [100] CBF dependent Low-temperature
Low-
MdASNDI1 [95] Target gene expression/ROS scavenging temperature/Sali
ne-alkali
MdANAC047 [101] ETH biosynthesis Saline-alkali
MbWRKY1 [102] ROS scavenging Drought
MbWRKY?2 [103] ROS scavenging Drought
MbWRKY3 [104] ROS scavenging Drought
MbWRKYS5 [105] ROS scavenging Drought/S? line-
alkali
MdWRKY 17 [106] Chlorophyll stability Drought
WRKY MbWRKY4 [107] ROS scavenging Saline-alkali

MdWRKY18 [44]

Regulating MdSOS2 and MdSOS3 expression

Saline-alkali

MdWRKY30 [108]

ABA response

Saline-alkali

MxWRKYS53 [109]

ROS scavenging

Saline-alkali

MxWRKYS55[110]

ROS scavenging

Saline-alkali

MxWRKY64 [111]

ROS scavenging

Saline-alkali

MdWRKY 100 [69]

ROS scavenging

Saline-alkali

4. Combinatorial Stresses: Unraveling the Complexity of Interacting Abiotic Factors

In natural and agricultural ecosystems, apple trees are rarely exposed to a single abiotic stress in isolation.
More commonly, they face a combination of simultaneous or sequential stresses, such as drought coupled
with high salinity, or a late spring frost following a period of unseasonable warmth. These combinatorial
stresses create unique physiological and molecular challenges that are not simply the sum of their individual
parts. Understanding these complex interactions is critical for developing resilient apple cultivars.

4.1. Shared and Divergent Regulatory Hubs in Stress Responses

The regulatory networks governing apple’s response to different abiotic stresses are not isolated but
are intricately interconnected, sharing common signaling hubs while also employing stress-specific

pathways (Figure 1).
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Figure 1. Transcriptional regulatory network of stress responses in Malus species.

Apple trees employ several core physiological and molecular strategies to combat multiple forms of
abiotic stress.
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ROS Scavenging: The management of oxidative stress is a universal defense mechanism. The ROS
scavenging pathway is a central component of the response to all three stresses—drought, low-temperature,
and saline-alkali conditions (Figure 1). This is mediated by a common set of transcription factors, including
members of the NAC (e.g., MANAC143), WRKY (e.g., MAWRKY 17, MxWRKY53), and MYB (e.g.,
MdMYBS88) families (Table 1), which orchestrate the expression of antioxidant enzymes to maintain
cellular redox homeostasis.

The Central Role of ABA: ABA acts as a master regulator, integrating signals from various stresses. It
is crucial for stomatal closure under both drought and saline-alkali stress to minimize water loss (Figure 1).
The MdMYB88/124-MdNCED3 module, which regulates ABA biosynthesis, is a key node in the drought
response [89]. Furthermore, ABA signaling is a critical component of cold acclimation, working in concert
with other hormones, such as JA, to enhance freezing tolerance [39].

Transcriptional Convergence: Certain transcription factors act as master regulators across multiple
stress types. For instance, MAMYBS8S8 is a prime example of a regulatory hub, participating in ROS
scavenging during drought, anthocyanin biosynthesis, and CBF-dependent pathways during low-
temperature stress, and contributing to overall stress resilience (Figure 1). Similarly, MAERF and MdbHLH
family members are implicated in responses to all three major stresses, highlighting their versatile roles in
stress signaling (Table 1).

Despite these commonalities, each stress elicits unique responses tailored to its specific challenge.

Saline-Alkali Stress and lonic Homeostasis: The most distinct feature of the saline-alkali response is
the imperative to maintain ionic balance. This involves specialized pathways, such as the SOS pathway,
which is not a primary feature of drought or cold responses (Figure 1). The MAMYB63-MdSOS1 module
is dedicated to regulating Na"/H" transport to mitigate ion toxicity [75]. This focus on ion transporters
represents a key divergence from the primarily osmotic-focused responses to drought and cold.

Low-Temperature Stress and the CBF Regulon: While all stresses can affect photosynthesis, the low-
temperature response is uniquely governed by the CBF-dependent pathway. This pathway acts as a master
switch for cold acclimation, activating a large suite of COR genes (Figure 1). Multiple upstream regulators,
including MdBBX37 and MdbHLH33, converged on MdCBFs to initiate this specialized cold-hardening
program [80,86], a level of regulation not seen in the other two stresses.

Drought Stress and Physical Barriers: In response to water deficit, apple trees uniquely enhance
physical barriers to prevent water loss. This includes the biosynthesis of cuticular wax, regulated by the
MdMYB94-MdGH3.6 module, and the lignin pathway, which strengthens cell walls [92]. While lignin
biosynthesis is also involved in the saline-alkali response, its role in creating a hydrophobic barrier is
particularly critical for drought survival (Figure 1).

4.2. Critical Appraisal: What Is Truly “New” and What Remains Controversial

Truly novel breakthroughs from the past five years can be categorized into four areas. (1) The discovery
of long-distance mobile signals—the demonstration that miR160 can translocate from scion to rootstock to
coordinate drought responses [57] challenges the cell-autonomous view of stress signaling and opens new
avenues for rootstock-mediated stress resistance breeding. (2) The mechanistic elucidation of post-
translational modifications (PTMs)—the MdPUB23-MdICEI ubiquitination module [66] and MdHDAG6-
mediated histone deacetylation [67] represent concrete examples of how PTMs and epigenetic
modifications, rather than just transcriptional changes, are the primary drivers of cold tolerance. These
mechanisms are genuinely new and have been functionally validated in apple, not merely inferred from
Arabidopsis. (3) The demonstration of stress-specific ROS functions—the finding that excessive ROS
scavenging can be detrimental under salinity [49] has fundamentally altered the paradigm that “higher
antioxidant activity is always better”. This nuanced understanding of ROS as signaling molecules, rather
than just toxic byproducts, is a major conceptual advance. (4) The integration of autophagy with ion
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transport—the MdHB7-like-MdATG18a module linking autophagy to Na" efflux [45] reveals a previously
unrecognized intersection between cellular recycling and ion homeostasis, which is a novel and exciting
direction for enhancing salinity tolerance.

Controversial and unresolved issues also warrant explicit acknowledgment. (1) The primacy of CBF-
dependent vs. CBF-independent pathways in cold tolerance remains fiercely debated. While MdCBF'1/2
overexpression enhances cold tolerance, the discovery that MANAC104 functions through both CBF-
dependent and -independent routes [60], and that MdGolS5 acts entirely independently of CBFs [64],
suggests that the field may have overemphasized the CBF-centric model. Whether the CBF-independent
pathways are quantitatively as important as the CBF cascade under field conditions is unknown. (2) The
functional overlap of MYB88/124 in multiple stresses—although these transcription factors are promoted
as master regulators of drought, cold, and salinity, the precise molecular targets that confer stress-specific
outputs remain poorly defined. It is unclear whether MYB88/124 directly activate distinct downstream
genes under each stress or whether stress-specific co-factors modulate their activity. (3) The interaction
between ABA and other hormones under combinatorial stress—while single-stress studies have established
ABA-JA synergy under drought [30] and ABA-ethylene antagonism under cold [42], very little is known
about how these hormonal interactions shift when two stresses co-occur. For instance, drought + salinity
might override ABA-ethylene crosstalk, leading to unexpected outcomes. (4) The translational gap from
controlled conditions to field reality most regulatory mechanisms have been characterized under controlled
growth-chamber conditions with single stresses. The relevance of these findings to field-grown trees
subjected to fluctuating, multi-factorial stress combinations is a critical and as-yet-unanswered question.

5. Issues and Prospects

The prevailing paradigm in apple abiotic stress research, which extrapolates mechanistic insights
largely from studies in Arabidopsis thaliana and other herbaceous model systems, is fundamentally
mismatched to the unique biological attributes of Malus domestica: a long-lived woody perennial whose
annual cycle is partitioned into functionally distinct growth and dormancy phases governed by specialized
regulatory pathways. This limitation is further exacerbated under real field conditions, where apple trees
experience simultaneous, fluctuating combinations of abiotic stresses such as mixed salinity-alkalinity,
generating highly intricate stress response networks that cannot be fully recapitulated in model plant
experimental setups [112]. As a result, dedicated dissection of apple-native stress physiology and molecular
regulation has become an urgent research priority. In applied breeding, conventional sexual hybridization
still represents the mainstream approach for developing stress-resilient apple germplasm. Even with
transformative progress in apple multi-omics data integration and pan-genome assembly, the end-to-end
workflow that converts high-confidence candidate gene discoveries into agronomically superior cultivars
still encounters multiple unaddressed technical bottlenecks [113].

Over recent decades, accelerating climate change has driven a sharp rise in extreme weather events
that pose systemic threats to the sustainability of global apple production [114]. These pressures manifest
as geographically heterogeneous abiotic constraints: declining summer precipitation in Belgium and
southwestern Germany [115,116], progressive reduction of winter chill hours in Spain [117], the
overlapping emergence of spring frost risk and insufficient winter chilling in the northeastern and
midwestern United States [118,119], and increasingly severe reproductive-stage frost damage across major
production regions in South Korea and India [120-122]. In China’s core apple-growing ecosystems, a suite
of recurrent climatic hazards—including bloom-period frost, catastrophic hailstorms, prolonged summer
heatwaves, and extended autumn rainfall—has become pervasive. The inherent unpredictability and high
destructive potential of these events far exceed the buffering capacity of current routine protective practices,
leading to irreversible losses in both crop yield and marketable fruit quality. To establish climate-resilient
apple production systems, a set of precision-targeted interventions must be implemented, covering
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evidence-based orchard site zoning, genetic improvement via late-flowering cultivar breeding, and the
synergistic deployment of agronomic technologies (regulated irrigation, trunk whitening, orchard smoke
mitigation, hail-proof netting, and rain-shelter cultivation) to reinforce tree stress tolerance and stabilize the
orchard microclimate against climatic extremes.

To advance apple stress resistance research, concerted international collaborative efforts are required
to deeply mine and functionally validate key abiotic stress-associated genes and loci. By harnessing
integrated multi-omics technologies, the field can move beyond single-stress models to systematically
unravel the dynamic and interactive gene regulatory networks that underpin apple responses to
combinatorial stresses such as drought, chilling, and saline-alkalinity. A central focus must be elucidating
crosstalk mechanisms between distinct stress signaling pathways and identifying master regulatory nodes,
thereby providing a mechanistic foundation for precision breeding. Concurrently, the development of a
holistic parent evaluation framework is imperative. Such a system should integrate multi-omics datasets—
spanning genomics, phenomics, and environmental profiles—to enable a comprehensive assessment of
critical traits, including fruit quality metrics, stress resilience, and genetic architecture [123]. This will
facilitate the strategic selection of elite cultivated varieties and stress-adapted wild relatives as parents for
distant hybridization, an approach capable of overcoming interspecific reproductive barriers, generating
breeding populations with enriched genetic diversity, and substantially expanding the allelic variation
available for developing novel heterotic germplasm [124]. When integrated with high-throughput
molecular marker-assisted selection, this pipeline allows for the early and precise identification of superior
hybrid progeny, dramatically accelerating the stacking and stable inheritance of complex trait combinations.
Furthermore, the rapid establishment of a next-generation breeding platform that seamlessly combines
genome-wide selection with high-fidelity gene editing is a critical priority [125]. Leveraging high-density
marker maps and large-scale, high-resolution phenotyping datasets will empower accurate genomic
prediction models, enabling early selection for stress tolerance and quality traits and drastically compressing
breeding cycles [126]. In parallel, the deployment of optimized, high-specificity gene editing systems—with
minimized off-target risks—will allow for the precise engineering of key stress-resistance genes, paving the
way for the creation of innovative apple cultivars and rootstocks endowed with multi-stress resilience, thereby
securing the long-term sustainability and climate adaptability of the global apple industry.
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