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Abstract

Calcineurin B-like (CBL) proteins are plant-specific calcium sensors critical for ion home-
ostasis and stress tolerance. Here, seven MdCBL genes were genome-wide identified in
apple (Malus domestica). We conducted systematic bioinformatic profiling of their physico-
chemical features, subcellular localization, cis-regulatory elements, phylogeny, secondary
structures, phosphorylation sites, and functional annotations and further verified the salt-
stress regulatory function of MdCBL5 via transgenic tests. MACBL proteins contain 210-246
amino acids, with molecular weights of 24,196.73-28,283.39 Da, pl values of 4.63—4.97 and
instability indices of 37.12-49.20. Localization prediction placed these proteins in nuclei,
cytosol and chloroplasts. Their promoter regions are rich in hormone-responsive (auxin,
ABA, salicylic acid) and stress-responsive (cold, drought, salt) cis-elements. Phylogenetic
clustering divided MdCBLs into five subgroups (A-E) with high homology to Arabidopsis
CBLs. Random coils and x-helices dominate their secondary structures, and serine residues
constitute most phosphorylation sites. Functional annotation supports their involvement
in calcium signaling, ion transport and diverse stress adaptation. Salt stress experiments
have confirmed that MdCBL5 may enhance apple salt resistance by promoting MdSOS
gene expression. Meanwhile, transient transformation in apple fruit showed that MdCBL5
can effectively enhance fruit quality traits. Collectively, this study establishes a theoretical
foundation for further elucidating the biological functions of the apple MdCBL5 gene and
provides valuable insights for genetically improving stress resistance and fruit quality in
apple via molecular breeding strategies.

Keywords: Malus domestica; MdCBL5; salt stress; fruit quality

1. Introduction

As one of the world’s leading apple-producing countries, China’s apple industry plays
a pivotal role in improving people’s living standards and promoting poverty alleviation and
prosperity for farmers in poverty-stricken mountainous areas. Nevertheless, diverse abiotic
stresses such as drought, cold, salinity and chilling damage have emerged as primary
constraints restricting apple yield and fruit quality improvement in recent years [1-3].
Among these abiotic stresses, soil salinization, particularly secondary salinization, is highly
prevalent and exerts profound detrimental effects. In secondary salinized soils, only a
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small proportion of soil-applied chemical fertilizers can be absorbed and utilized by fruit
trees, while the vast majority is either leached away with percolating water or immobilized
in the soil [4,5]. Consequently, secondary salinization not only reduces the survival rate
of fruit trees but also drives substantial declines in both yield and fruit quality, directly
undermining the economic returns of fruit growers. The Bohai Rim region, one of the
major apple-producing regions in China, is facing increasingly severe soil salinization. This
phenomenon is primarily attributed to spring drought, rapid temperature increases, and
strong evaporation, combined with excessive fertilizer application. However, the limited
mechanistic understanding of plant abiotic stress responses has long hindered progress
in stress-tolerant breeding. At present, optimized water management practices remain
the mainstream strategy for mitigating soil salinization in orchard systems. Accordingly,
dissecting the driving mechanisms of soil salinization and elucidating the salt tolerance
pathways in apple trees will lay a solid theoretical foundation for alleviating salinization
constraints via targeted genetic improvement and breeding strategies.

In the intricate signaling network mediating plant responses to abiotic stress, Ca%*
serve as indispensable second messengers and act as a central hub that transduces extracel-
lular stress stimuli into intracellular defense cascades. Their intracellular homeostasis and
dynamic fluctuations fulfill an indispensable role in governing plant stress tolerance [6].
Three major classes of core calcium receptor proteins have been discovered and identified
in plants, namely calmodulin (CaM), calcium-dependent protein kinase (CDPK), and cal-
cineurin B-like protein (CBL) [7-9]. Although all three classes of Ca?*-binding receptor
proteins specifically Ca?* and mediating signal transduction, they display pronounced
divergence in structural architecture and functional mechanisms. Calmodulin (CaM) repre-
sents a family of small, acidic proteins devoid of intrinsic enzymatic activity. Upon Ca?*
binding, CaM undergoes a distinct conformational change, which allows it to interact
with downstream target proteins (including protein kinases, phosphatases, transcription
factors, and others) and modulate their activities [10-12]. By contrast, calcium-dependent
protein kinases (CDPKs) harbor both a Ca?*-binding regulatory domain and a catalytic
kinase domain. Upon Ca?* binding, CDPKs undergo autoactivation and directly phos-
phorylate downstream substrates, enabling rapid propagation of stress signals [9,13,14]. A
defining property of calcineurin B-like (CBL) proteins is the absence of intrinsic kinase ac-
tivity.Instead, they depend on physical interaction with their cognate downstream partners,
CBL-interacting protein kinases (CIPKs), to assemble functional CBL-CIPK complexes and
trigger downstream signaling cascades [15-18].

Among the three major calcium signaling pathways, the CBL-CIPK complex-mediated
pathway has emerged as a pivotal signaling module governing abiotic stress responses,
owing to its high signaling specificity and broad involvement in diverse stress adaptation
processes [15,17]. CBL family members harbor EF-hand Ca?*-binding domains with vari-
able copy numbers and distinct sequence properties. These structural distinctions underpin
the divergent Ca*-binding affinity and specificity of individual CBL isoforms, laying the
molecular foundation for the precise perception of stimulus-induced Ca?* fluctuations
and the initiation of distinct downstream signaling cascades [19]. The CBL gene family
was first identified in Arabidopsis thaliana [20,21]. Subsequent studies have identified and
characterized multiple CBL homologs across a broad range of plant species, including
rice, tomato, and grape, confirming the high evolutionary conservation and widespread
distribution of this gene family across the. plant kingdom [22-27]. Functional transgenic
studies across diverse plant species have demonstrated that CBL genes exhibit divergent ex-
pression responses to various abiotic stresses, thereby enabling precise modulation of plant
stress tolerance. Specifically, AtCBL1 from the model plant Arabidopsis thaliana displays
a particularly pronounced response to low-temperature stress [20]. Ectopic expression of
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maize ZmCBL9 in Arabidopsis thaliana enhanced the resistance and tolerance of Arabidopsis
to abscisic acid (ABA), glucose, salt stress and osmotic stress [28]. In rice, overexpression of
OsCBLS significantly improved plant resistance to high-temperature stress and pathogen
infection [29]. Low-temperature treatment markedly elevated the transcription level of
PsCBL in pea, whereas drought stress had no significant effect on its expression [30]. In
poplar, the transcript levels of PeCBL1, PeCBL2, PeCBL4, PeCBL5 and PeCBL9 all exhibited
an obvious up-regulation trend under salt stress [31].

Here, we identified MdCBLS5, a novel salt stress-responsive gene from apple (Malus
domestica). MACBL5 overexpression markedly strengthens salt tolerance in apple seedlings,
and transient fruit transformation assays further confirm its positive regulation on fruit
quality. This work supplies a valuable gene resource and theoretical basis for molecular
breeding of salt-tolerant apples with superior fruit quality.

2. Materials and Methods
2.1. Identification of the MACBL Gene Family

Based on the amino acid sequences of Arabidopsis thaliana CBL genes, BLASTP searches
were performed against the apple (Malus domestica) whole-genome database to identify
homologous sequences (GDR https:/ /www.rosaceae.org/, accessed on 1 April 2026). The
sequences were further validated using the Pfam database (PF02130), and redundant
sequences were removed to obtain the members of the apple MdCBL gene family [32,33].

2.2. Analysis of Basic Physicochemical Properties and Subcellular Localization

The ExPASy ProtParam tool (http://web.expasy.org/protparam/, accessed on 1 April
2026) was used to analyze the basic physicochemical properties of proteins encoded by
MACBL genes, including the number of amino acids, molecular weight, theoretical iso-
electric point (pl), instability index, aliphatic index, and grand average of hydropathic-
ity (GRAVY). Subcellular localization was predicted via the online tool Wolf PSORT
(https:/ /www.genscript.com/wolf-psort.html, accessed on 1 April 2026).

2.3. Analysis of Cis-Acting Elements and Phylogenetic Relationships

The 2000 bp sequences upstream of the start codon of MdCBL genes were extracted, and
cis-acting elements were analyzed using the PlantCARE database (http:/ /bioinformatics.
psb.ugent.be/webtools/plantcare/html/, accessed on 1 April 2026). Phylogenetic analysis
was conducted based on the amino acid sequences of A. thaliana CBL genes and apple
MdCBL genes. A phylogenetic tree was constructed using the neighbor-joining (NJ) method
in MEGA software megall with 1000 bootstrap replicates [34].

2.4. Protein Structure and Phosphorylation Site Analysis

The secondary structure of MACBL proteins (including o-helix, 3-turn, extended
strand, and random coil) was predicted using the SOPMA tool [35]. The tertiary structure
of the proteins was generated by AlphaFold [36]. Phosphorylation sites (serine, threonine,
and tyrosine residues) were analyzed using the NetPhos tool [37].

2.5. Determination of Physiological Indicators

The contents of malondialdehyde (MDA), proline, hydrogen peroxide (H,O;), super-
oxide anion (O, ™) were determined using commercial assay kits (Beijing Boxbio Science &
Technology Co., Ltd., Beijing, China). The contents of superoxide dismutase (SOD), and
peroxidase (POD) were determined using commercial assay kits (BC5160, BC0090 Beijing
Solarbio Science & Technology Co., Ltd., Beijing, China).
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2.6. Determination of Chlorophyll Content

Chlorophyll content was measured using the ethanol extraction method.

(1) Take about 1 g of plant material, add 95% ethanol, and soak overnight at room
temperature in the dark
(2) When all the tissues turn white, it indicates that chlorophyll has been completely extracted

Chlorophyll a concentration Ca = 13.950Dg55 — 6.880Dg49

Chlorophyll b concentration Cb = 24.960Dg49 — 7.320Dgg5

Carotenoid concentration Cx x ¢ = (10000Dgy9 — 2.05Ca — 114.8Cb) /245

Chloroplast pigment content = pigment concentration x extraction volume xdilution factor/sample fresh weight

2.7. Determination of Relative Electrical Conductivity

Apple tissues of uniform size were rinsed with tap water and then washed three times
with distilled water to remove inorganic salt ions and impurities. The surface moisture was
blotted dry with filter paper, and the fresh weight of each sample was quickly recorded.
Each sample was immersed in 10 mL of deionized water at room temperature for 12 h.
The electrical conductivity of the extract (R;) was measured using a conductivity meter.
Subsequently, the samples were heated in a boiling water bath for 30 min, cooled to room
temperature, and vortexed thoroughly before measuring the electrical conductivity again
(Rp). The relative electrical conductivity was calculated as follows: Relative electrical
conductivity = (R;/Rp) x 100%.

2.8. Reactive Oxygen Species (ROS) Staining
For 3,3'-diaminobenzidine (DAB) staining, samples were incubated in a 1 mg/mL
DAB reaction buffer (50 mM Tris-HCl, pH 5.5). For nitroblue tetrazolium (NBT) staining,

samples were incubated in a 0.5 mg/mL NBT reaction buffer (50 mM phosphate buffer,
pH 7.8) [38,39].

2.9. Determination of Anthocyanin Content
Anthocyanins were extracted with a solvent mixture consisting of 95% absolute ethanol
and 5% 1.5 M concentrated hydrochloric acid. The absorbance values of the extracted

samples were measured using a spectrophotometer at 530 nm, 620 nm, and 650 nm. The
calculation formulas for anthocyanin content are as follows:

Anthocyanin optical density (OD) = (A530 — A620) — 0.1 x (A650 — A620)

Anthocyanin content = OD/A x V/M x 106

A: 4.62 x 104
M: fresh weight of plant material (g)
V: volume of extraction solution (mL)

2.10. Determination of Sugar Content

The content of soluble sugars was determined using a Plant Soluble Sugar Content
Assay Kit (Solarbio, Cat: BC0030) purchased from Beijing Solarbio Science & Technology
Co., Ltd., Beijing, China. For the quantification of sucrose, fructose, and glucose, sugars
were extracted from apple pulp with 80% ethanol, followed by detection using a capillary
electrophoresis system (Beckman Instruments Inc., Palo Alto, CA, USA).
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2.11. Quantitative Real-Time PCR (qPCR) Analysis

Complementary DNA (cDNA) required for quantitative PCR was synthesized using
the PrimeScript First Strand cDNA Synthesis Kit (Takara, Dalian, China). These synthesized
c¢DNA products were used as templates for quantitative real-time PCR (qRT-PCR) to detect
the expression levels of selected genes. Apple 185 rRNA was used as the internal loading
control. PCR reactions were performed with specific primer sequences listed in Table 1,
which were designed using Primer3Plus (https://www.primer3plus.com, accessed on
1 April 2026) (Table 1). All gqRT-PCR experiments were conducted in triplicate, and the
relative gene expression levels were calculated using the 2~ 24Ct method [38].

Table 1. qPCR primer used in this study.

Primer Name Primer-F Primer-R

MdACBL5-F TGATGACGGACTTATCCACAAGG CCGAGAGTACCAGATCAGATTCG
Md18s-F ACACGGGGAGGTAGTGACAA CCTCCAATGGATCCTCGTTA
MdSOS1-F AGGAAACCATGAAATTGTGTGG GATCATGTCACAAATGTAGGGC
MdSOS2-F AATCAATGGGTCTCAAGGTC CCTCCTTCGGTTTCCAAATA
MdSOS3-F GGGGTTATTGAGTTTGGAGA GGATGCTTCGACACAAATTC
MdSPS6-F CACATACCTGAATTCGTCGATG GTGACCATGAATCACATAAGGC
MdAVGT1-F ATGTGCTACAATCTCCGTAGAG CTACTGCTGTAACTAGAGCTCC
MdATMT2-F GATCCTCTCGTCTCTCTCTTTG GGACTCTGCAAATTGTCATCAG
MdSUT3-F TATCGCCGTTTCCGTTCTAATA CTGAGTGATCCAATTGCATAGC
MdSUSY2-F GCCATTTAATGCATCATTCCCT GCGGGAACTTGGAAAGATATTC
MdSUSY5-F ATACTTTCTGGAGGCAGTTGAA TTGAGATGCCTTAATGTGGTCT
MdCBL1 GAAATGAAGCTGGCTGATGAGAC ATGTAGCGATCTCATCAACCTCG
MdCBL2 ACCCTGAAATTCTAGCAAGGGAG TTGGGATGAAAGACAGAGAGAGC
MdACBL3 CGTTAAACGGAAGGGTGTGATTG GTCTCATCAGCCAGCTTCATTTC
MdCBL4 GAAGTGGAGGCCTTGTATGAACT CAATGTAACCAGTCTGTCCGAGA
MdCBL6 CTCGCCGATGAAACCAGATTTAC TCATCAATAGGGGCGTAAGGATG
MdCBL7 TTCTAGCAAGGGAGACAGTGTTC TTGGGATGAAAGACAGAGAGAGC

2.12. Plant Growth Conditions and Treatments

Apple (Malus domestica) seedlings were grown in the experimental nursery of Shan-
dong Agricultural University (Taian, Shandong Province, China). To conduct NaCl stress
assays, we first selected apple seedlings exhibiting identical growth vigor and homoge-
neous morphological features to ensure reliable experimental reproducibility. The selected
seedlings were then treated by watering with 300 mM sodium chloride aqueous solution.

2.13. Obtaining the Transgenic Materials

Obtain transgenic apple seedlings and apple fruits according to the aforementioned
method [38]. MACBL5-OE: Agrobacterium-mediated leaf disc transformation was adopted
to produce transgenic apple material. Specifically, leaves excised from tissue-cultured apple
seedlings were subjected to Agrobacterium infection; subsequent rooting culture enabled
the regeneration of whole transgenic plants. TRV /MdCBL5-TRV: Equal volumes of TRV1
and TRV2/MdCBL5-TRV2 bacterial suspensions were mixed thoroughly. Subsequently,
apple leaves or fruits were immersed in the mixed bacterial solution, followed by 10 min of
vacuum infiltration to facilitate Agrobacterium infection. IL60/MdCBL5-IL60: IL601 and
IL602/MdCBL5-IL602 plasmid solutions were mixed at a 1:1 volume ratio. Leaf and fruit
tissues were fully submerged in the resulting mixture, and vacuum infiltration was carried
out for 10 min to facilitate infiltration and infection.
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2.14. Data Analysis

The data are expressed as mean and standard deviation. GraphPad Prism software
(GRaphPad Software, 9.0, La Jolla, CA, USA) was used for the t test. The data are expressed
as mean and standard deviation. Data were analyzed by one-way analysis of variance
(Welch’s ANOVA), The software we use will automatically evaluate the hypotheses of
normality and homogeneity of variance. If homogeneity of variance occurs, Duncan’s
method will be used for subsequent analysis. If heterogeneity of variance occurs, Games
Howell’s method will be used for subsequent analysis. N is biological duplication.

3. Results
3.1. Identification of the MACBL Gene Family

After rigorous screening, a total of seven MdCBL genes were identified in apple, which
were sequentially designated as MdCBL1-MdCBL7 based on their chromosomal locations
(Table 2). Statistical analysis showed that the number of encoded amino acids ranged
from 210 (MdCBL?) to 246 (MdCBL6), with a molecular weight spanning 24,196.73 Da
to 28,283.39 Da and a theoretical isoelectric point (pI) between 4.63 and 4.97. Subcellular
localization prediction indicated that most MACBL proteins were localized in the nucleus.

Table 2. Identification of the MdCBLs gene family in apple.

Grand Subcellular
Gene Sequence ID Number of  Molecular  Theoretical Instability  Aliphatic Average of Localiza-
Name Amino Acid Weight pI Index Index Hydro- tion

pathicity Prediction
MdCBL1 MDO00G1132600 213 24,520.95 4.75 41.54 88.78 —0.182 Nucleus
MdACBL2  MDO03G1036500 226 26,058.67 4.8 46.83 93.19 —0.235 Nucleus
MdACBL3  MD06G1046100 213 24,515.92 4.75 38.82 90.61 —0.186 Nucleus
MdCBL4 MD06G1109200 212 24,418.72 471 37.12 94.25 —0.192 Nucleus
MdACBL5 MD07G1288800 212 24,387.71 4.63 37.47 85.52 —0.302 Cytosol
MdACBL6 ~ MD08G1043100 246 28,283.39 4.75 49.2 93.94 —0.065 Cytosol
MdCBL7  MD11G1037200 210 24,196.73 4.97 48.76 97.52 —0.205 Chloroplast

3.2. Analysis of Chromosomal Localization, Gene Structure, and Cis-Acting Elements of
MdACBL Genes

Chromosomal localization and cis-acting element analysis of MdCBL genes were per-
formed using apple genome annotations. The results showed that MdCBL genes were
mapped to chromosomes 3 (MdCBL2), 6 (MdCBL3, MdCBL4), 7 (MdCBL5), 8 (MdCBL6), and
11 (MdCBL?7), whereas the chromosomal location of MdCBL1 remained undetermined due
to technical limitations (Figure 1A). Subsequently, promoter analysis of the MdCBL gene
family revealed a large number of hormone-responsive cis-acting elements (Figure 1B),
including Abscisic acid responsiveness (ABA-responsive), Auxin responsiveness, Salicylic
acid responsiveness (SA-responsive), and MeJA-responsiveness (jasmonic acid-responsive).
Domain analysis showed that MACBL1-7 all have EF hand domain (Figure 1C). The dif-
ferential distribution of these domains directly reflects the structural divergence among
MACBL family members, providing a structural basis for their functional diversity. Further
exploration of the apple genome demonstrated that each MdCBL gene contained eight
exons (Figure 1D).
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Figure 1. Analysis of chromosome structure, localization, and cis-acting elements of MdCBLs.
(A) Chromosomal localization of MdCBL family genes; (B) Cis-acting elements of MdCBL family
promoter; (C) Analysis of MACBL family protein domains; (D) Distribution of introns and exons
within the MdCBL family.

3.3. Analysis of Phosphorylation Sites, Protein Structure, and Phylogenetic Relationships of
MdCBL Proteins

Analysis of phosphorylation sites indicated that residues phosphorylated in MdCBL
proteins were primarily serine (Ser), with threonine (Thr) as the second most common type
and tyrosine (Tyr) the rarest. The overall number of phosphorylation sites fell within the
range of 10 to 25. (Figure 2A). Analysis of secondary structures demonstrated that the
conformational elements of MACBL proteins include a-helices, extended strands, random
coils, and B-turns. Random coils and «-helices made up the highest proportions, while
[-turns constituted the minimal fraction. (Figure 2B). Subsequently, a phylogenetic tree was
constructed based on the full-length amino acid sequences of CBL proteins from Arabidopsis
thaliana, apple and soybean (Glycine max). The results revealed that all CBL members could
be classified into five evolutionary subgroups designated A to E, displaying a pattern
of cross-species homologous clustering. Subgroup A contained the largest number of
members, whereas subgroups C and D exclusively comprised members from soybean and
Arabidopsis thaliana, indicating that these two types of CBL copies were lost during the
evolutionary process of apple. (Figure 2C). This result indicates that MdCBL genes share
high homology with AtCBL genes and may exert similar biological functions. Subsequently,
the three-dimensional (3D) structures of all MdCBL proteins were successfully predicted
using AlphaFold. The structural similarity among these MdCBL proteins was highly
consistent with the phylogenetic tree results (Figure 2D).
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Figure 2. Analysis of active sites, structure, and evolutionary tree of MdACBLs protein. (A) Prediction
of phosphorylation sites in the MACBL family; (B) Secondary structure analysis of the MACBL family;
(C) Evolutionary tree of the Arabidopsis and apple CBL families; (D) Prediction of protein structure
of the MACBL family.

3.4. MdCBL5 Enhances Salt Tolerance in Apple Seedlings

Salt stress severely suppresses the growth of apple plants. To explore the poten-
tial function of MdCBL family genes under salt stress, apple seedlings were exposed to
NaCl treatment, and the transcript abundances of all MdCBL members were quantified.
Quantitative analysis revealed that MdCBL1-7 were all salt-responsive, among which Md-
CBL5 exhibited the strongest transcriptional induction (Figure S1). To further investigate
the biological function of MdCBL5, transgenic apple seedlings overexpressing MdCBL5
(MdCBL5-OE) were generated via Agrobacterium-mediated transformation (Figure S2).
We further performed salt stress assays to characterize the salt tolerance of the transgenic
lines. Seedlings of MdCBL5-OE and wild-type apple were treated with distilled water as the
control, or 300 mM NaCl to induce salt stress. (Figure 3A,B). After 10 days of treatment, no
significant differences in growth performance, fresh weight or plant height were detected
between MdCBL5-OE and WT seedlings under control conditions. (Figure 3C,E). In contrast,
MdACBL5-OE seedlings displayed markedly improved growth performance under salt stress,
accompanied by significantly greater fresh weight and plant height relative to WT plants.
(Figure 3D,F). Stress-induced lipid peroxidation produces MDA, a marker of membrane
damage. MDA content was quantified to assess membrane injury. Under normal growth
conditions, MdCBL5-OE and WT seedlings displayed similarly low MDA levels. Salt stress
triggered a pronounced increase in MDA accumulation in both genotypes, yet MDA con-
centrations were significantly lower in MdCBL5-OE seedlings relative to the WT, pointing
to improved stress resistance in the overexpression lines (Figure 4A,B). Chlorophyll consti-
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tutes a core component of the plant photosynthetic apparatus. Quantification of chlorophyll
content showed no significant difference between MdCBL5-OE and WT seedlings under
non-stress conditions. Salt stress induced a decline in leaf chlorophyll content in both
genotypes, whereas MdCBL5-OE seedlings retained significantly higher chlorophyll levels
than WT controls (Figure 4C,D). Additionally, relative electrical conductivity and proline
content were determined to further validate salt tolerance (Figure 4E-H). Collectively, these
physiological indicators consistently demonstrate that MdCBL5 positively regulates salt
tolerance in apple seedlings.

A
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WT MdCBL5-OE1 MdCBL5-OE2
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Figure 3. Salt-treated MdCBL5 apple seedlings. (A) Apple seedlings in the control group; (B) Apple
seedlings in the salt treatment group; (C) Fresh weight of the control group; (D) Fresh weight of the
salt treatment group; (E) Plant height of the control group; (F) Plant height of the salt treatment group
n=7).
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Figure 4. MdCBL5 enhances plant salt tolerance. (A) Malondialdehyde content in the control group;
(B) Malondialdehyde content in the salt treatment group; (C) Chlorophyll content in the control
group; (D) Chlorophyll content in the salt treatment group; (E) Relative conductivity in the control
group; (F) Relative conductivity in the salt treatment group; (G) Proline content in the control group;
(H) Proline content in the salt treatment group (n =7).

3.5. MdCBL5 Suppresses Reactive Oxygen Species Burst Under Salt Stress

Salt stress induces the excessive accumulation of reactive oxygen species (ROS) in
plants [38]. Overabundant ROS triggers membrane lipid peroxidation, protein oxidation
and DNA damage, thereby restraining plant growth and even resulting in plant mortality.
To qualitatively assess ROS levels in plant tissues under salt stress, DAB and NBT staining
assays were conducted. The staining results showed that MdCBL5-OE seedlings displayed
obviously lighter staining under salt stress, suggesting lower endogenous ROS accumu-
lation (Figure 5A,B). Subsequently, the contents of typical ROS components, including
hydrogen peroxide (H,O,) and superoxide anion (O, ), were quantitatively measured
in leaves. The data revealed that both H;O, and O, contents were significantly lower
in MdCBL5-OE plants than in wild-type (WT) controls (Figure 5C,D). Furthermore, the
activities of peroxidase (POD) were determined. The results demonstrated that overex-
pression of MdCBL5 elevated POD enzyme activity under salt stress (Figure 5E,F), which
promoted the scavenging of excess intracellular ROS and helped maintain normal plant
growth. As the central signaling pathway governing plant salt stress responses, the Salt
Overly Sensitive (SOS) pathway is critical for salinity adaptation. Our qRT-PCR assays in
salt-treated plants demonstrated pronounced transcriptional up-regulation of MdSOS1,
MdSOS2, and MdSOS3 in MdCBL5-OE plants (Figure 5G), MdCBL5 may enhance plant salt
tolerance by increasing MdSOS gene expression.
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Figure 5. MdCBL)5 leaf reactive oxygen species staining. (A) DAB staining of salt treatment group;
(B) NBT staining of salt treatment group; (C) Hydrogen peroxide content of salt treatment group;
(D) Superoxide anion radical content of salt treatment group; (E) SOD activity of salt treatment group;
(F) POD activity of salt treatment group; (G) Expression levels of MdSOS1, MdSOS2 and MdSOS3
under salt stress (n = 7).

3.6. MdCBL5 Improves Apple Fruit Quality

Given the crucial role of MdCBL5 in enhancing plant salt tolerance, its potential
function in improving fruit quality was further investigated. To this end, MdCBL5-silencing
(MdCBL5-TRV) and MdCBL5-overexpressing (MdCBL5-IL60) vectors were constructed and
agroinfiltrated into apple fruits to evaluate their effects on fruit quality traits (Figure 6A,B).
After incubation in a light incubator for 10 days, anthocyanin content was significantly
the highest in MdCBL5-IL60 fruits, while the lowest anthocyanin content was observed in
MACBL5-TRYV fruits (Figure 6C). These results indicate that MdCBL5 positively regulates
anthocyanin accumulation, thereby promoting apple fruit coloration—a key indicator of
fruit quality. Subsequently, the sugar composition and content in the treated fruits were
quantitatively determined. The data showed that MdCBL5 overexpression significantly
increased the contents of fructose, sucrose, and total soluble sugars in apple fruits, whereas
it significantly decreased glucose content (Figure 6D-G). Furthermore, qRT-PCR analysis
was conducted to determine the transcriptional profiles of key genes implicated in sugar
metabolism and transport within apple fruit. The data revealed marked elevations in the
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transcript levels of MdSPS6, MdAVGT1, MdTMT2, MdSUT2, MdSUSY2 and MdSUSYS.
Collectively, these results support the notion that MdCBL5 facilitates sugar accumulation in
fruit, at least in part, through the transcriptional activation of these sugar-related structural
genes (Figure 7). Collectively, these findings demonstrate that MdCBL5 plays a vital role in
promoting fruit coloring and sugar accumulation,, highlighting its potential application
value in apple quality improvement breeding programs.

A B . £
g g <0.0001 <0.0001 E‘ 0.5660 0.0139
TRV 2 5007 <0.0001 <0.0001 w1 ,_| 5" ,j .
) B 40
£ w0 & & £
§ 300 & H 5
& ‘ g 200 ’ C’ § 5 E =
e g
MACBL5-TRV Lt ; - 8’ s
& & & &

Le

200 <0.0001 0.0010

MdCBL5-IL60

93
@
2
k)
c
2
]
g
o
&
3
So.
2
F 0.
S
3

H )
3 § E
Fe ;
1 - R s § 100
- § 40 4
0.8 o - 3™
20 3
g i HE
-
0.0 2 E
o
> 2
\*

Figure 6. MdACBL5 promotes fruit coloring. (A) Transient expression of MdCBL5 in fruits;
(B) Identification of fruits with transiently expressed MdCBL5; (C) Anthocyanin content in fruits with
transiently expressed MdCBL5; (D) Glucose content in fruit; (E) Sucrose content in fruit; (F) Fructose
content in fruit; (G) Soluble sugar content in fruit (n = 21).
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Figure 7. MdCBL5 promotes the expression of sugar related genes. (A-F) Expression levels of MdSPS6,
MdVGT1, MATMT2, MdSUT3, MdSUSY2, MdSUSY5 and MdCBL5 genes (n = 21).
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4. Discussion

Soil salinization, particularly secondary salinization, has emerged as a major abiotic
stress constraining yield and quality improvement of apple in core apple-producing re-
gions of China, including the Bohai Rim and the North China Plain. Apple cultivation
serves as a pillar industry for boosting farmers” incomes and advancing rural revitalization;
accordingly, enhancing apple salt tolerance and fruit quality via molecular breeding has
become an urgent research priority. The CBL-CIPK cascade is a core calcium-mediated
signal transduction pathway in plants, which fulfills an essential role in modulating plant
responses to diverse abiotic stresses [18,21]. Although CBL genes have been extensively
characterized in model plants such as Arabidopsis thaliana and major crops including rice
and maize, systematic identification and functional characterization of the MdCBL gene
family, especially their dual roles in salt tolerance and fruit quality regulation, remain
largely unclear in apple. In this study, we performed a comprehensive genome-wide
characterization of the MdCBL gene family and functionally validated the biological func-
tions of MdCBL)5, providing novel insights into stress tolerance breeding and fruit quality
improvement in apple.

Genome-wide identification and characterization of gene families constitute an es-
sential foundation for the functional dissection of genes. In this study, seven MdCBL
genes were identified in apple through BLASTP alignment and Pfam validation, which is
fewer than the number found in poplar (10 members) [31] and rice (10 members) [22,40],
suggesting potential differentiation in the CBL gene family during plant evolution. Physico-
chemical property analysis showed that MACBL proteins encode 210-246 amino acids with
a molecular weight of 24,196.73-28,283.39 Da and a theoretical isoelectric point of 4.63-4.97,
indicating that MdCBL proteins are acidic proteins, which is consistent with the structural
characteristics of CBL proteins in maize [28]. Subcellular localization prediction suggests
that the MdCBL gene family lacks membrane localization, which is different from the
localization of AtCBL1 and ZmCBL9 on the cell membrane. This implies that the MdCBL
protein may possess unique functional characteristics. Chromosomal localization analysis
revealed that MdCBL genes are unevenly distributed on chromosomes 3, 6, 7, 8, and 11,
with two genes clustered on chromosome 6 (MdCBL3 and MdCBL4), suggesting that gene
duplication events may have driven expansion of the MdCBL gene family. Notably, the
chromosomal location of MdCBL1 was not determined due to technical limitations, which
could be further clarified by improved genome assembly and mapping technologies in
future studies.

Salt stress exerts severe deleterious effects on plants, manifesting as membrane lipid
peroxidation, chlorophyll degradation, and ROS burst, ultimately culminating in inhibited
plant growth and diminished yield. In this study, MdCBL5-OE apple seedlings showed
significantly better growth performance under 300 mM NaCl stress than WT seedlings,
with higher fresh weight and plant height, indicating that MdCBL5 positively regulates
apple salt tolerance. Physiological imeasurements revealed that MdCBL5-OE seedlings
had lower MDA content and relative electrical conductivity under salt stress than WT
seedlings, suggesting that MdCBL5 can reduce membrane lipid peroxidation and maintain
cell membrane integrity, thereby conferring enhanced salt tolerance. This is consistent with
previous studies showing that ZmCBL9 and PeCBL4 can reduce membrane damage under
stress conditions [28,41]. Chlorophyll is the core pigment governing plant photosynthesis,
and salt stress-induced chlorophyll degradation substantially compromises photosynthesis
performance. Our results demonstrated that MdCBL5-OE seedlings retained higher chloro-
phyll content under salt stress, indicating that MdCBL5 can alleviate salt stress-induced
photosynthetic inhibition, which is an important mechanism for MdCBL5 to enhance
salt tolerance.
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ROS burst represents one of the earliest cellular responses triggered by salt stress
in plants, and excessive ROS accumulation inflicts oxidative damage to cellular macro-
molecules including proteins, DNA, and lipids [42—44]. In this study, DAB and NBT staining
and quantitative determination showed that MdCBL5-OE seedlings had significantly lower
H»0O; and Oy contents under salt stress than WT seedlings, indicating that MdCBL5 can
effectively inhibit ROS burst. Antioxidant enzymes, particularly POD play a key role in
ROS scavenging. Our results demonstrated that MdCBL5 overexpression significantly
elevated POD activity under salt stress, which promoted the scavenging of excess ROS in
plants, thereby reducing oxidative damage. This mechanism is similar to that of AtCBL1,
which enhances cold tolerance by regulating antioxidant enzyme activity, suggesting that
the regulatory role of CBL genes in ROS scavenging may be a conserved mechanism across
plant species [20,45]. This convergence supports that CBL-mediated regulation of ROS
scavenging constitutes an evolutionarily conserved functional module across plant species.
The stress-specific responsiveness of distinct CBL homologs likely stems from promoter
cis-element divergence, while their downstream antioxidant regulatory module remains
evolutionarily constrained—reflecting an ancient adaptive strategy for plants to cope with
diverse environmental stresses.

Notably, a key novel finding of this study is that MACBL5 exerts dual regulatory func-
tions: it confers salt tolerance in apple seedlings while positively modulating anthocyanin
accumulation and soluble sugar profiles in fruits. This functional duality distinguishes
MdACBL5 from most previously characterized CBL homologs, whose roles are predomi-
nantly confined to abiotic stress responses. From a breeding perspective, this breaks the
common trade-off between stress resistance and fruit quality, providing a rare genetic target
for synergistic improvement of apple cultivars grown in salinized orchards. Transient
transformation experiments showed that MdCBL5-IL60 significantly increased anthocyanin
content in apple fruits, while MdCBL5-TRYV significantly decreased anthocyanin content,
indicating that MdCBL5 positively regulates apple fruit coloration. Anthocyanin is not only
an important indicator of apple fruit quality but also has antioxidant properties, so MdCBL5-
mediated anthocyanin accumulation may also enhance fruit nutritional value. Soluble
sugar profiles represent another core trait governing apple fruit quality. Our results showed
that MdCBL5 overexpression increased fructose, sucrose, and total soluble sugar contents
but decreased glucose content in fruits. This specific regulation of sugar composition may
be related to the role of MdCBL5 in sugar transport and metabolism. This targeted regula-
tion indicates that MdCBL5 participates in the fine-tuning of sugar transport or subcellular
compartmentalization, rather than simply enhancing overall carbon assimilation. Previous
studies have shown that CBL-CIPK complexes are involved in the regulation of plant
nutrient transport [46]. CBL1/CIPK23 phosphorylates tonoplast sugar transporter TST2 to
enhance sugar accumulation in sweet orange [47], and our findings suggest that MdCBL5
may regulate fruit sugar accumulation through similar mechanisms, which requires further
verification by analyzing the expression of sugar transport-related genes.

In conclusion, this study performed genome-wide identification and systematic char-
acterization of the MdCBL gene family in apple, and functionally verified that MdCBL5
confers enhanced salt tolerance by mitigating membrane lipid peroxidation and suppress-
ing ROS burst, and enhancing MdSOS gene expression, while also positively regulating
apple fruit coloration and sugar composition. These findings not only advance our under-
standing of CBL genes function in woody plants, but also furnish a promising candidate
gene and theoretical foundation for molecular breeding of apple cultivars with enhanced
salt tolerance and superior fruit quality. In future studies, we will focus on identifying
MdCBL5-interacting proteins and characterizing their downstream regulatory networks,
and further validate the practical breeding potential of MdCBL5 in apple via field trials.
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Limitations of the Study

Despite the important findings of this study, there are still several limitations that
need to be addressed. First, this study only verified the function of MdCBL5 through
overexpression experiments, and gene knockout experiments are needed to further confirm
its essential role in salt tolerance and fruit quality regulation. Second, the molecular
mechanism by which MdCBL5 regulates salt tolerance and fruit quality remains unclear.
CBL proteins usually exert their functions by interacting with CIPK proteins, so identifying
the CIPK proteins that interact with MdCBL5 and their downstream target genes is crucial
for clarifying the regulatory pathway of MdCBL5. Third, the fruit quality analysis in
this study only focused on anthocyanin and sugar content, and other important quality
indicators such as fruit acidity, firmness, and aroma components were not determined.
Finally, the functional verification of MdCBL5 was conducted under controlled laboratory
conditions, and field experiments are needed to evaluate its practical application value in
apple production.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/horticulturae12070845/s1: Figure S1. Expression levels of
MdCBL gene family after salt stress treatment (n = 3). Figure 52. Identification of genetically modified
materials (n = 7).
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