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Abstract Coleus forskohlii (Briq.), a prominent member of the Lamiaceae family, is a highly valued medicinal herb in Indian
Ayurvedic medicine and the global pharmaceutical industry. Its primary therapeutic significance is attributed to forskolin, a unique
labdane diterpene concentrated in the root tubers. Forskolin serves as a potent adenylate cyclase activator, making it indispensable for
treating ailments such as hypertension, glaucoma, and congestive heart failure. However, the commercial cultivation of C. forskohlii
faces significant challenges; conventional propagation via vegetative cuttings is often hindered by slow multiplication rates, seasonal
limitations, and susceptibility to soil-borne pathogens. This review provides a comprehensive analysis of various propagation
methodologies and biotechnological advancements aimed at enhancing biomass and forskolin yield. It evaluates the impact of plant
density, cutting types, and planting methods on root productivity. A significant focus is placed on in vitro techniques, including shoot
induction and callus formation using Murashige and Skoog (MS) media supplemented with specific growth regulators like BAP,
NAA, and 2,4-D. Furthermore, the review explores the efficacy of brassinosteroids in promoting root development and the
application of somatic embryogenesis and direct organogenesis for rapid, large-scale clonal propagation. These biotechnological
approaches not only ensure the production of genetically uniform, disease-free planting material but also offer sustainable strategies
for the conservation of this endangered medicinal species. By integrating tissue culture with elicitation strategies, the industry can
better meet the rising global demand for forskolin while preserving natural germplasm.

Keywords Medicinal coleus (Coleus forskohlii Briq); Lamiaceae family; Direct organogenesis; Somatic embryogenesis;
Brassinosteroid; Leaf explants; Stem cuttings; Forskolin

1 Introduction

Coleus forskohlii belongs to the family Lamiaceae is an important plant in Indian Ayurvedic medicine and
herbaceous plant that usually grows at a height of 600-1,500 ft and is spread over the subtropical warm temperate
climatic zones of India. It is an ancient and important root drug claimed to improve appetite, increase vitality and
useful by curing the ailments like inflammation, flatulence, dropsy etc. (Rupp et al., 1986). It occurs in
sub-tropical Himalayan regions from Kumaon to Nepal, Bihar and Deccan plateau of southern India. It is widely
cultivated in Rajasthan, Maharashtra, Gujarat, Karnataka, Tamil Nadu and Andhra Pradesh and its present annual
production is about 100 tons from the area of 700 ha in India, cultivation of C. forskohlii is picking up in recent
years. It is a fast-growing herb and hence more amenable to get exposed to variety of environmental stress.

It is Commercially propagated by the means of vegetative cuttings (Reddy et al., 2001). Conventional means of
propagation through vegetative cuttings is not suitable to meet the increasing demand of this species due to
limited number of propagules produced in each cycle. In vitro propagation is the most efficient and reliable
technique for production of ample planting stock of genetic uniformity. Its rapid mode of vegetative propagation
makes it a suitable candidate for micro propagation (Biondi and Thorpe, 1982).

It is highly valuable as a medicinal plant due to a biologically active compound labdane diterpene present in the
root tubers called ‘forskolin’ (Bhat et al., 1977). An active diterpenoid in roots, it poses multiple biological
activities such as positive inotropic, anti-hypertensive and antiglaucoma (Seamon and Daly, 1981), which is
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widely used by pharmaceutical industry due to its wide range of therapeutic effects. The main feature of forskolin
is in its roots having unique mechanism of generating cyclic adenosine monophosphate in the cells through direct
activation of the catalytic unit of adenylate cyclase enzyme (Yanagihara et al., 1996). For commercial cultivation
of this crop optimization of plant population per unit area, method of planting and type of cutting are the prime
factors in terms of root yield of medicinal coleus.

The most important problem to the commercial growers of coleus is optimum plant density, appropriate type of
cutting, method of planting and selecting suitable cultivar. The species is known well for its pharmacological
importance.

2 Botanical and Phytochemical Background

2.1 Taxonomical classification

The plant belongs to the family Lamiaceae and the order Lamiales. Commonly known as the mint family, it
includes a number of potent medicinal plants. It consists of 236 genera and 7,000 species, it is the largest family
of the order Lamia.The genus Coleus was first described in 1790, with C. forskohlii classified under the family
Lamiaceae, highlighting its botanical significance This classification underscores the plant's historical use in
traditional medicine and its potential for further research in phytochemistry.

2.2 Phytochemistry and medicinal relevance

A Biologically active compound labdane diterpene present in the root tubers called ‘forskolin’ a key compound
extracted from the roots, activates adenylate cyclase, leading to increased levels of cyclic adenosine
monophosphate (cAMP) in the cells (Seamon and Daly, 1981). These cAMP plays a key role in various body
functions, including heart muscle contraction, smooth muscle relaxation, insulin secretion, and thyroid function
and has various physiological effects (Kavitha et al., 2010). The study identifies several minor diterpenoids and
other phytochemicals present in C. forskohlii, emphasizing the complexity and potential of its chemical profile.

3 Conventional Propagation Methods

3.1 Rooted cuttings with different planting methods and varieties

The yield of medicinal coleus is influenced by plant density, cutting type, and planting methods (Chandrasekhar et
al., 2016). Chintapalli local and K-8 varieties were planted using ridge and furrow and flatbed methods, with ridge
and furrow methods yielding the highest dry root yield. Genetic factors also significantly impact root yield
performance.

3.2 Role of leaves and cutting type in rooting

The physiological status of the cutting is vital for successful rooting. Semi-hardwood stem cuttings that retain
apical leaves show significantly higher rooting percentages and quality (Belniaki et al., 2018). Studies found that
cuttings with leaves produced an average of 16 roots, compared to only 5.7 roots in leafless cuttings, suggesting
that endogenous auxins or carbohydrates from the leaves facilitate better establishment.

3.3 Ex situ propagation through stem cuttings

The methodology involved selecting disease-free, mature stem cuttings from the mother plant are grown in
prepared beds and poly bags in a combination of sand, soil, and manure was used to create optimal growing
conditions for the stem cuttings (Patel, 2016). A well-structured water and drainage system is crucial for the
successful growth of Coleus forskohlii, preventing water logging and plant damage. Results indicated that the
mixed media in poly bags facilitated rapid root and shoot development, supporting the plant's propagation and
contributing to its ex-situ conservation efforts.

4 In vitro Regeneration and Micropropagation

4.1 In vitro shoot induction using MS medium

Leaf explants were collected and subjected to thorough surface sterilization using running water, antifungal agents,
and detergents to ensure aseptic conditions (Murashige and Skoog, 1962). After sterilization, explants were cut
into smaller pieces and inoculated in MS media with varying concentrations of hormones 2,4-D (0, 0.01, 0.02,
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0.03, 0.04, 0.1, 0.5, 0.1, 0.2, 2.5 mg/L), BAP (0.0, 0.01, 0.02, 0.03, 0.04, 0.1, 0.5, 0.1, 1.5 mg/L) in different
concentration and combinationto promote callus formation. The pH of the culture media was maintained between
5.4-5.7, adjusted with NaOH or HCl, and solidified with 0.8% agar.

Cultures were kept at a controlled temperature of (2242) °C with a 16-hour photoperiod, with sub culturing
performed every two weeks. Callus induction involved sub culturing leaf explants in different concentrations of
BAP and NAA to enhance the shoot formation. In regular intervals of two weeks were maintained for monitoring
and promoting the number of shoots generated from the callus (Dodds and Roberts, 1982). The study found that
MS medium supplemented with BAP and 2,4-D was more effective for callus induction compared to NAA and
BAP. Callus exhibited a range of colours (Lisowska and Wysokinska, 2000) and showed significant genetic
variability, leading to successful multiple shoot formation from the leaf explants.

4.2 Effective propagation method for salt tolerance

Using apical tip as meristem as explant it resulted in quicker plant growth than Nodal Segment This Medicinal
coleus explant grown in the Nacl Medium of different Concentration from 0.1% to 0.4%. Later they found that the
explant of medicinal coleus was able to withstand and grow at the low concentration of 0.2% of Nacl with the
support of BAP and NAA (Sharan et al., 2014).

Generally, the use of BAP is considered to be most suitable for promoting large-scale multiplication and
micropropagation of various plant species (Shrivastava and Banerjee, 2008). In C. forskohlii, BAP alone has
shown best result in promoting multiple shoots formation from the nodal segments and shoot tips (Sen and
Sharma, 1991).

4.3 Effect of brastinosteroid in rooting

Swamy et al. (2021) found that the application of brassinosteroid significantly increased root numbers in
medicinal coleus plants. The application of 28-homobrassinolide at 100 pM resulted in an 85% increase in root
numbers by day 15, indicating its effectiveness in promoting rooting. The findings suggest that brassinosteroid
could be pivotal in commercial cultivation practices for medicinal plants, enhancing both rooting and vegetative
growth (Rao et al., 2010). Terminal cuttings from healthy coleus plants were treated with BRs, monitored for 160
days, and found to increase carbohydrate levels and forskolin content in roots, suggesting a link between growth
regulators and secondary metabolite production.

4.4 Effect of cytokinin combined elicitors in coleus

In vitro culture techniques using cytokinins combined with elicitors can enhance both the propagation efficiency
and secondary metabolite production of Coleus spp., a plant group with notable medicinal value. Cytokinins
promote cell division, shoot differentiation, and tissue proliferation, while elicitors stimulate defense-related
physiological responses and activate secondary metabolic pathways. Their combined application may therefore
improve the accumulation of bioactive compounds associated with antioxidant, anti-inflammatory, and
pharmacological activities.

Compared with conventional cultivation, tissue culture provides controlled growth conditions, stable nutrient
availability, and a shorter production cycle. These factors create a favorable environment for secondary metabolite
biosynthesis in Coleus spp. Previous studies have shown that controlled culture conditions and nutrient supply can
increase secondary metabolite levels in tissue-cultured plants (Govindaraju et al., 2018). Therefore, optimizing
cytokinin types and elicitor combinations is an effective strategy for improving both in vitro propagation and
medicinal compound production in coleus.

4.5 Shoot regeneration from proximal, middle and distal segment of Coleus forskohlii leaf explants

Rapid shoot regeneration was examined in Three different segments of coleus leaf explant (Proximal, Middle and
Distal) where cultured on Murashige and Skoog (MS) Medium with different concentrations of BAP, KIN, NAA,
and TAA were tested for shoot elongation. Although callus proliferation was observed, KIN was found to be
ineffective in the present study. However, Sharma et al. (1991) previously reported that KIN-enriched media
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increased the frequency of callus formation from leaf explants. BAP with different concentrations (0.5, 1.0, 2.5,
5.0) in which BAP at 5.0 mg/L yielded the highest shoot regeneration rate is found to be effective for
micropropagation of C. forskohlii then Distal leaf segments showed superior regeneration compared to proximal
and middle segments, likely due to the presence of more meristematic tissues in the proximal area (Krishna et al.,
2010).

4.6 Shoot organogenesis

Focuses on the development of callus from C. forskohlii leaf segments in a sterile environment under controlled
conditions. The results show that cytokinin and auxin plays a crucial role in shoot differentiation. Kinetin, when
combined with NAA or IAA, leads to the highest shoot regeneration frequency. The study also found that rooting
efficiency is highest in half-strength MS medium without growth regulators. The study confirms that in
vitro-produced plants maintain clonal purity and forskolin content, making it viable for commercial propagation
(Sairam Reddy et al., 2001).

4.7 Large scale clonal propagation

Large scale clonal propagation leaf lamina is used as an explant and it is achieved in the media containing 2 uM
BA + 0.1 pM NAA Where a highest number of 35 shoots/explant were produced. Later they transferred to root
induction medium comprising of IBA, NAA and IAA (1-5 uM) in half-strength MS medium to determine the
Most suitable shoot length for proper root induction. The rooted plantlets were acclimatized in field conditions
after proper hardening (Sahai and Shahzad, 2010).

4.8 Roots cultivated in shake flask

Forskolin production from C. forskohlii roots can be achieved through various cultivation methods, including
shake flasks and bioreactors. The transformed hairy root cultures, initiated via Agrobacterium rhizogenes, can
produce forskolin in significant quantities, with optimal conditions yielding up to 14 mg/L after 21 days.
Hormone-free media and sucrose additions enhance growth and forskolin production, with specific elicitors like
methyl jasmonic acid boosting yields. Cutting roots without negatively impacting growth or productivity is a
notable advantage in scaling up production (Krombholz et al., 1992).

4.9 Somatic embryogenisis

In vitro plant regeneration through somatic embryogenesis in Coleus forskohlii Briq. has been successfully
established using leaf explants (Gopi and Mary, 2014). Research indicates that the combination of plant growth
regulators (PGRs) significantly influences the regeneration process (Yasmin et al., 2001).

Specifically, a medium containing 2,4-dichlorophenoxyacetic acid (2,4-D) and 6-benzylaminopurine (BAP)
yielded the highest frequency of direct somatic embryogenesis, achieving up to 80% success in embryo
maturation and conversion to plantlets. Additionally, alternative methods utilizing direct organogenesis from leaf
explants have shown promise, with protocols achieving up to 35 shoots per explant using optimized
concentrations of BAP and auxins (Dode et al., 2003).

These findings highlight the potential for both somatic embryogenesis and direct organogenesis as effective
strategies for the mass propagation and conservation of this medicinally important species, although the reliance
on specific PGR combinations may limit broader applicability.

5 Conclusion

The comprehensive evaluation of propagation strategies for Coleus forskohlii (Briq.) underscores its standing as a
premier medicinal resource, primarily due to the unique pharmacological profile of forskolin. As the global
demand for natural adenylate cyclase activators grows, the limitations of traditional vegetative propagation such
as low multiplication indices, high susceptibility to soil-borne pathogens, and seasonal dependency have become
significant bottlenecks for the pharmaceutical supply chain.
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This review identifies a critical shift toward biotechnological interventions as the most viable path forward. The
synthesis of current research demonstrates that:

(1) Micropropagation Efficiency: In vitro protocols, specifically direct organogenesis from leaf lamina and apical
meristem culture, offer a robust mechanism for the rapid turnover of disease-free, genetically uniform planting
material. The optimization of BAP and NAA concentrations remains the most effective hormone regime for
maximizing shoot induction.

(2) Regenerative Innovation: Somatic embryogenesis has emerged as a high-efficiency alternative, with
maturation rates reaching 80%. This method provides a sophisticated platform for germplasm conservation and
large-scale clonal propagation that exceeds the capacity of conventional stem cuttings.

(3) Enhanced Phytochemistry: The integration of brassinosteroids and elicitors (such as methyl jasmonic acid)
during the culture process not only facilitates superior rooting but also significantly enhances the biosynthetic
pathways of secondary metabolites, leading to higher forskolin concentrations.

(4) Sustainability and Scaling: Advanced cultivation techniques, including hairy root cultures and shake-flask
bioreactors, present a sustainable model for metabolite extraction that bypasses the need for destructive harvesting
of wild or field-grown plants.

In conclusion, while field-level optimizations like the "ridge and furrow" method provide incremental gains in
yield, the future of C. forskohlii lies in the synergy between tissue culture technology and molecular elicitation.
Adopting these biotechnological frameworks is essential for ensuring a consistent, high-quality supply of
forskolin while simultaneously preserving the genetic diversity and sustainability of this endangered medicinal
species. Future research should prioritize the refinement of bioreactor parameters and the exploration of genetic
markers to further stabilize forskolin yields in commercial-scale production.
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Abstract Locally grown specialty cut flowers require species-specific postharvest handling recommendations to maintain flower
quality and extend vase life. Knowing the best care for flowers once removed from the mother plant is crucial information for
farmers, florists, and the common consumer, as this will affect the longevity of the product and happiness of the consumer. This
research examined zinnias variation in vase life between the following test groups: zinnias with untrimmed stems in tap water,
zinnias with trimmed stems in tap water, zinnias with untrimmed stems in floral food solution, and zinnias with trimmed stems in
floral food solution Across both harvests, recut stems held in floral food had the longest average vase life (16.46 d), followed by
non-recut stems in floral food (14.70 d), non-recut stems in tap water (12.80 d), and recut stems in tap water (11.70 d). If adding a
floral solution to the water is not an option, then the stems should be left untrimmed. Overall, the stems in tap water that were
trimmed had the shortest vase life, and the stems in floral food solution that were trimmed lived the longest out of any of the groups.
Keywords Floral preservatives; Flower food; Locally grown; Specialty cut flowers; Vase life; Zinnia elegans

1 Introduction

The cut flower industry is dynamic and evolving as there have been many shifts in the current times and trends.
One trend is the specialty cut flower movement. Specialty-cut flowers are defined as those that are locally
produced in small quantities and stored for short time frames; compared to traditional cut flowers, which are
produced in mass quantities and shipped globally (Darras, 2021). Specialty cut flower farmers can greatly profit
from these niche plants, as one acre of properly maintained land can generate $25,000 to $30,000 in revenue
annually (Byczynski, 2008). An example of a specialty cut flower that can be grown locally is the zinnia, Zinnia
elegans. Zinnias show an opposite leaf pattern and range in wide varieties of colors with solid, variegated, and
bicolor cultivars (Song et al., 2025). These flowers can exhibit a wide variety of flower structures, ranging from
very simple petal arrangements to complex petal florets (Song et al., 2025). Zinnias are disease-resistant, when
watered in a manner that prevents water from standing on the leaves (Esringii et al., 2022). They should be
cultivated in areas with well-draining, fertile soil that receive a minimum of 8 hours of full sun (Fitzpatrick et al.,
2024). A balanced fertilizer may be applied throughout the growing season, should the soil have any nutrient
deficiencies, to ensure the plants flourish. Zinnias should be harvested just before full maturity, when blooms are
almost fully opened, and placed in cool water with a small amount of floral preservative to ensure a maximum
vase life for consumers (Laschkewitsch and Smith, 2000).

While many studies have been conducted on the vase life of Zinnia elegans (Carlson et al., 2015; Kalinowski et al.,
2022), recent research has shown that the vase life of Zinnia may be negatively affected by a commonly
recommended practice, cutting the ends of stems frequently (Kalinowski et al., 2022). These recent findings call
into question specifically when zinnia stems should be cut to extend their vase life. The vase life of cut flowers is
a critical factor in both the commercial floriculture industry and home floral use, directly influencing customer
satisfaction and economic value. Once cut from the mother plant fresh cut flowers have a limited supply of sugars
and water stored in their stems and leaves and require supplemental sugars and water supply to maintain flower
health and prolong vase life (Pun and Ichimura, 2003). To maintain the longest possible vase life, it is
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recommended that flower preservatives be added to the water when storing and arranging cut flowers (Nguyen
and Lim, 2021). Flower preservatives are specifically formulated for cut flower use and are comprised of three
main ingredients; sugars, acidifiers, and biocides (Da Silva, 2003; Nguyen and Lim, 2021). Flower preservatives
enhance water absorption by lowering the pH of the solution, suppress microbial development, and supply
carbohydrates necessary for the metabolic processes of cut flowers (Han 2003; Nguyen and Lim, 2021). In a study
completed by (Igbal et al., 2012), researchers studied zinnias placed in water with various levels of preservation
enhancers, Indole-3-acetic acid (IAA), 1-naphthylacetic acid (NAA), and salicylic acid (SA), it was found that
salicylic acid was the most beneficial to the flowers, maintaining the longest average vase life. Additionally, it has
been found adding a solute such as aluminum sulfate to the water can enhance water uptake and extend the vase
life of zinnias (Kalinowski et al., 2022). Blockage of the xylem vessels can hinder water uptake in cut flowers,
this can be caused by various factors such as bacterial proliferation and pinched or damaged stems (Chen et al.,
2023). Past research has found that bacterial build up can shorten flower life and cause inferior flower quality
(Balestra et al., 2005; Jowkar 2015). Bacterial organisms contribute to the breaking down of cells at the end of
flower stems, thus creating an obstruction in a flowers vascular system, slowing water uptake. Stems obstruction
may also occur due to injuries to the stem during harvest (Dixon and Peterson, 1989). Wound-induced xylem
occlusion is a condition that has been found to affect some species of cut flowers (Manzoor et al., 2024). Wound
occlusions have been found to occur as a stress response when a flowers stem is cut (Manzoor et al., 2024).
Symptoms of water stress due to stem blockage or damage often present as wilting of the flower petals or bending
in the neck of the flower, the area just below the flower structure (Dixon and Peterson, 1989).

While various factors can influence the longevity of cut flowers, two commonly recommended practices; recutting
stems after harvesting and adding floral food to vase water are widely used to enhance vase life (Nell and Reid,
2001; Ahmad and Dole, 2014; Kalinowski et al., 2022). However, recent research has indicated that recutting
zinnia stems once cut from the mother plant can reduce the overall vase life of the flower in certain instances
(Kalinowski et al., 2022). These findings leave questions regarding best post-harvest practices for Zinnia elegans.

The purpose of this study was to investigate how stem cutting and the application of floral food affect the vase life
of Zinnia elegans. Specifically, the study aims to determine whether cutting the ends of the stems enhances flower
longevity, whether floral food extends vase life when used with both cut and uncut stems, and to identify which
combination of these treatments results in the greatest extension of vase life for Zinnia elegans. By comparing the
effects of these common postharvest practices, the study seeks to provide evidence-based recommendations for
improving the freshness and ornamental value of Zinnia elegans in vase arrangements.

2 Materials and Methods

2.1 Zinnia propagation protocol

The seeds for this study were purchased from Johnny’s Selected Seeds, and the variety was Benary’s Giant Deep
Red. The zinnia seeds were initially planted on May 27th, 2025, in 72 cell seed trays, for a total of 864 possible
plants. The seeds were then placed in greenhouses located on Mississippi State University campus for 4 weeks to
germinate. After the initial 4-week germination period, the seedlings were transplanted into raised beds located in
the Thad Cochran research center at Mississippi State University’s on June 25th, 2025. Each seedling was planted
approximately 15 cm apart in soil consisting of a mixture of topsoil and humus. There were 400 seedlings planted
over 11 beds. Each raised bed was equipped with soaker hoses, allowing the plants to receive adequate water
during their growing season. Plants received one application of an all-purpose fertilizer (Expert Gardner 10-10-10,
Fort Lauderdale, FL). The fertilizer was evenly spread over the raised bed and worked into the top 5-10 cm of
soil.

2.2 Zinnia harvest protocol

For this study, zinnia stems were harvested when the outer petals fully expanded and one row of florets opened
(Kalinowski et al., 2022). Zinnia stems were cut to a uniform length (45 cm) and placed in tap water to maintain
hydration overnight (Kalinowski et al., 2022). The zinnias were left to hydrate in a plastic bucket of tap water at
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room temperature for one hour before being placed in a floral cooler set at 7 °C for 24 hours to ensure the flowers
were properly hydrated before the experiment. The plastic buckets used in this experiment were sanitized with a
bleach and water solution prior to the start of the experiment. A total of 200 flowers over two harvests were
studied. The first round of 100 flowers was harvested on September 2nd, 2025, and after the 24-hour hydration
process, the study began on September 3rd. The second harvest of 100 flowers took place on September 16th,
2025, and the study began on September 17th. There were exactly 2 weeks between the harvest dates.

2.3 Experimental protocol

The experiment was conducted as a 2x2x2 factorial design with vase solution, stem recutting treatment, and
harvest date as factors. Each of the four treatment groups had 5 replicates (vases), making a total of 20 vases, 5
flowers per vase, per harvest. All vases were made of clear glass, cylindrical in shape, 19 cm high with an 8.5 cm
diameter opening. Treatments were replicated across two harvests collected two weeks apart from the same zinnia
plants. Flowers were randomized within each treatment group to reduce bias.

The following are the four independent groups the zinnias were randomly assigned to:

(1) Stems placed in tap water and left untrimmed,

(2) Stems placed in tap water and trimmed at an angle;

(3) Stems placed in tap water with floral food (Floralife, Flower Food 300) and left untrimmed;
(4) Stems placed in tap water with floral food and stems trimmed at an angle.

The tap water groups were each filled with 355 mL of water measured out with a measuring cup. The floral food
solution groups were filed with 355 mL of the solution. The floral solution was prepared by mixing the powdered
floral preservative with tap water at 10 g/L. The floral preservative used in this study was FloraLife original 300
flower food (FloraLife, Kent, Ohio). The room in which the experiment took place had an average air temperature
of 21 °C with an average 18.29 umol/m?%s of light available for 12 h/d at 50% to 60% relative humidity. Vases
were placed away from heating, ventilation, and air conditioning systems within the room and remained stationary,
not being randomly rotated, during the monitoring and evaluation of the vase life of the zinnias. The water and
flower food solution was changed in all vases across all treatments every 3 d, with floral food added back into the
vases within floral food treatment groups. A new floral preservative solution was made each time the water was
replaced in the vases, the pH of the water was not tested. The zinnias within the treatment groups that received
additional stem cuttings had approximately 2.54 cm trimmed off the bottom of their stems every 2 d from the time
of harvesting.

2.4 Experiment monitoring and evaluation

Flower quality was monitored every 24 hours and evaluated using established protocols in previous studies
investigating cut flower vase life longevity (Jones and Hill, 1993; Clark et al., 2010; Aalifar, 2020). Stems were
discarded when 50% of the flower was wilted, petals dropped or had turned brown/discolored and/or neck
bending/drooping, drying or general stem decline, and/or mold growth of any kind was observed on the flower
(Jones and Hill, 1993; Clark et al., 2010; Aalifar, 2020; Kalinowski et al., 2022).

2.5 Data analysis

Data from the survey were entered into IBM SPSS Statistics (version 30; IBM Corp., Armonk, NY, USA) and
analyzed using analysis of variance (ANOVA) tests, post hoc Duncan’s multiple range test, and frequency
statistics.

3 Results and Analysis

3.1 Vase life findings for first harvest of Zinnia elegans

ANOVA tests were used to determine if there were differences in vase life between the treatment groups.
Significant differences were found in the minimum, maximum, and average vase life within the first harvest. Post
hoc tests were used to determine where these differences occurred. Zinnia stems that did not receive a stem cutting
and were placed in tap water and stems that did receive a cutting in tap water showed similarities between the test
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groups, both had a minimum vase life of 8 d (Table 1). Zinnia stems that did not receive a stem cutting and placed
in floral food solution and stems that did receive a cutting in floral food solution also showed similarities between
the test groups, as they also shared a similar minimum vase life of 12 d and 11 d, respectively (Table 1). There
were differences between tap water and floral food solution test groups, as the vase life varies by 3-4 d between
the two groups. The zinnias within the flower food solution groups were found to live longer than zinnias in the
tap water groups.

Table 1 Vase life of cut Zinnia elegans flowers under four postharvest treatments during the first harvest

Dependent variable No cut + tap water ~ Cut + tap water ~ No cut + flower food  Cut + flower food df Fvalue P value

Minimum days 82 8 12° 11° 39790 0.001*
Maximum days 21° 15° 20P 22¢ 3 12.333  0.001%*
Average days 13.56° 112 15.24° 16.76° 3 25395 0.001*

Note: *Significant at P < 0.05, Means within a row followed by different lowercase letters are significantly different according to
Duncan’s multiple range test at P < 0.05

Regarding the differences in maximum vase life, it was found zinnia stems that did receive a stem cutting and
placed in tap water had a maximum vase life of 15 d, while stems that did receive a cutting and placed in floral
food solution had a maximum vase life of 22 d (Table 1). Untrimmed stems in tap water and untrimmed stems
placed in floral food showed similarities between the groups, having similar maximum vase lives of 21 d and 20 d,
respectively (Table 1).

When analyzing the average number of days flowers remained alive in each treatment group, it was found zinnia
stems that did receive a stem cutting and placed in tap water and stems that did receive a cutting and placed in
floral food solution were significantly different from all the other groups and each other. The zinnias that were cut
and placed in tap water had an average vase life of 11 d, while the zinnias that were cut and placed in a flower
food solution had an average of 16.76 d, a difference of 5.76 d.

3.2 Vase life findings for second harvest of Zinnia elegans

ANOVA tests were run on the data to determine any differences between the test groups, looking specifically at
vase life. Significant differences were found within the second harvest treatment groups based on their maximum,
minimum, and average vase life. Post hoc tests examined where these differences occurred. Test results revealed
that the uncut stems in tap water and the cut stems in tap water showed similarities, as the two trials shared a
minimum vase life of 7 d. The cut stems in tap water and uncut stems in flower food showed statistical similarities
in the study. Uncut stems in a floral food solution and cut stems in floral food solution showed similarities, as they
had a minimum vase life of 10 d and 9 d, respectively (Table 2).

Table 2 Vase life of cut Zinnia elegans flowers under four postharvest treatments during the second harvest

Dependent variable No cut + tap water Cut + tap water ~ No cut + flower food  Cut + flower food df Fvalue P value

Minimum days 7 78b 10b° 9¢ 3 6.202 0.005*
Maximum days 192 192 21b¢ 21¢ 3 5920 0.006*
Average days 12.04* 12.40? 14.16° 16.16° 3 13.920 0.001*

Note: *Significant at P < 0.05, Means within a row followed by different lowercase letters are significantly different according to
Duncan’s multiple range test at P < 0.05

ANOVA also indicated differences in the maximum vase life for zinnias in the second harvest based on the
treatment groups. Post hoc analysis found the uncut zinnia stems in tap water and cut stems in tap water showed
similarities between the test groups. These two trials shared a maximum vase life of 19 d. The cut stems placed in
tap water and uncut stems placed in a floral food solution showed similarities in their test groups as well. These
two test groups had a difference between the maximum vase life of 2 d. The uncut stems and trimmed stems both
placed in the floral food solution showed similarities, as their maximum vase life was both 21 d.
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When comparing the average vase life between the four treatment groups, ANOVA showed that uncut and cut
stems placed in tap water had similarities between the trials within the second harvest test group, as did uncut and
cut stems placed in a floral food solution. While there were differences between tap water and floral food trials,
the variation between uncut stems versus cut stems placed in tap water had an average vase life difference of 0.36
d. The difference between the floral food solution groups, both uncut and cut stems, was 2 d. However, the two
flower food groups both average higher vase life than the tap water groups by 1.76-4.12 d.

3.3 Vase life findings for combined harvest data of Zinnia elegans

The data from both harvests was combined and analyzed as a whole to determine if there were differences in the
treatment groups based on the collective data for all 200 flowers. ANOVA tests were run on the data to determine
any differences in vase life among the test groups. Significant differences were found between the maximum,
minimum, and average vase life based on the treatment group the flowers were placed. Post hoc tests used to
determine where these differences occurred. ANOVA revealed that the uncut stems and the cut stems across all
test subjects placed in tap water showed similarities, as well as uncut stems and the cut stems across all test
subjects placed in a floral food solution showed similarities. It is important to note that the differences were
between the water type, tap water and floral food, rather than between the factor of if the zinnia stem was trimmed
or not. In both tap water groups, the overall minimum day was 7 d, while the floral food solution test group’s
minimum days were 10 d for uncut and 9 d for cut stems. This is 2-3 d longer than the minimum for both tap
water test groups (Table 3).

Table 3 Combined vase life from harvest one and two of cut Zinnia elegans flowers under four postharvest treatments

Dependent variable No cut + tap water! Cut + tap water No cut + flower food Cut + flower food df Fvalue P value
Minimum days 7° 7° 10° 9b 3 12.979 0.001%*
Maximum days 213b 19° 21° 22¢ 3 13.046  0.001*
Average days 12.8 11.72 14.7° 16.46¢ 3 27.096 0.001*

Note: *Significant at P < 0.05; ! Average over 2 replications; Means within a row followed by different lowercase letters are
significantly different according to Duncan’s multiple range test at P < 0.05

When analyzing the maximum vase life, it was found the uncut stems placed in tap water showed similarities
between both cut stems in tap water and uncut stems in floral food solution, however, cut stems in tap water and
uncut stems in floral food indicated differences from each other. Both uncut stems in tap water and uncut stems in
floral food had a maximum vase life of 21 d. The cut stems and uncut stems in tap water were also found to be
similar, having a difference of 2 d in maximum vase life. In this trial, the cut stems in the floral food solution were
significantly different from all the other test groups, having the longest vase life of 22 d (Table 3).

ANOVA revealed that for average vase life, there were similarities between uncut and cut stems that were placed
in tap water. Both the uncut stems and the cut stems that were placed in the floral food solution differed from each
other as well as the tap water groups. The average vase life for uncut stems in tap water was 12.8 d and cut stems
in tap water was 11.7 d, a difference of 1.1 d. Conversely, the uncut stems in the floral food solution group lived
an average of 14.7 d and cut stems in the floral food solution averaged 16.46 d.

3.4 Comparison of vase life between harvest groups

ANOVA tests were used to determine if there were any differences in the vase life of the zinnias between the first
and second harvest group. No statistically significant differences were found between the maximum, minimum, or
average days of vase life between the first and second harvest groups, indicating that vase life between harvests
was relatively the same (Table 4).
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Table 4 Comparison of the differences in vase life of fresh cut zinnias between harvest one and harvest two

Dependent variable df Mean Square F Value P Value
Minimum days 1 14.40 3.283 0.078
Maximum days 1 1.225 0.142 0.709
Average days 1 1.806 0.379 0.542

4 Discussion

Overall, it was found that the use of flower food extended the vase life of zinnia elegans regardless of if the stems
were trimmed or not. Trimming the stems of zinnias that were placed in the floral preservative solution was found
to extend the vase life the longest. Past studies have found that floral food prolongs the vase life of various fresh
cut flowers (Asrar, 2012; Nguyen and Lim, 2021; Zeng et al., 2023). Findings from this study indicated there were
significant differences between zinnias that were trimmed and placed into tap water in the first harvest when
compared to all other treatment groups within the first harvest, however this was not consistent with findings from
the second harvest or when the flowers from both harvests were looked at collectively. Though it was not found to
be significantly different, when the zinnias were looked at collectively, overall, the zinnias that were placed in tap
water and had their stems cut had the shortest vase life when compared to all other groups. These findings support
past research completed by (Kalinowski et al., 2022) which stated that leaving the stems in tap water untrimmed
will slightly lengthen the vase life of Zinnia elegans. This would indicate that should floral food not be available
for use, then the proper recommendation for Zinnia elegans is to leave the stems untrimmed in tap water. The
shortened vase life that was observed when cutting stems placed in tap water could be a result of a wound-induced
xylem occlusion, which occurs in some flowers species due to a stress response when their stems are cut
(Manzoor et al., 2024).

No significant differences were found in the vase life of the zinnia between the two separate harvests. Previous
research has found that earlier harvests of zinnias had longer vase lives than those bloom that were harvested later
in the growing season (Kalinowski et al., 2022). Only two harvests taken two weeks apart were used in this study.
Results investigating vase life between harvests from this study could have potentially changed if additional
harvests of zinnia been investigated or more time had passed between harvests. Additional harvests over an
extended time period should be investigated in similar future research studies.

Retail florists, specialty cut flower farmers, educators, and home gardeners can all benefit from this research.
Proper post-harvest techniques are critical to implement immediately upon cutting the blooms from the mother
plant. From a cut flower farmer perspective, it is important to properly hydrate the stems and know how to care
for the zinnias before sending them out to buyers, markets, or selling them. Farmers may also benefit from sharing
the proper care techniques with the buyers to ensure longevity of vase life in the retail setting. Home gardeners
and consumers of fresh cut zinnias could potentially benefit the most from this knowledge, as flower preservatives
for fresh cut flowers are not commonly purchased by the general population. Publishing updated tips on keeping
zinnias looking fresh for the longest amount of time that are written for and accessible to the general public should
be considered. Extension services that offer classes on cut flower cultivation and floral design is another way to
share the proper post-harvest protocol for zinnia when handling them in the absence of floral preservatives with
the public.

5 Conclusions

Findings from this study indicated that the use of floral preservatives in combination with trimming the ends of
the stems significantly increases the vase life of zinnia. Additionally, differences were observed in the vase life of
zinnias placed in tap water based on whether their stems were trimmed or not, with trimmed stems exhibiting the
shortest overall vase life compared to all other treatment groups. These findings suggest that, in situations where
floral preservative solutions are unavailable, the recommended postharvest handling practice for Zinnia elegans
may be to leave stems untrimmed to maximize vase life. Results may not apply to other flower species, as Zinnia
elegans may respond differently to treatments than other cut flowers. Also, the study focused only on postharvest
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conditions over a limited period and does not account for long-term storage or transportation factors affecting vase
life. Based on the findings from this study it is recommended to study other cultivars of zinnias to see if they
produce the same results using these treatments as well as other cut flower grown by small regional growers such
as cosmos (Cosmos bipinnatus), sunflowers (Helianthus), marigolds (Tagaetes), celosia (Celosia argentea) to
investigate if other specialty cut flower species respond in a similar manner.
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Abstract Soybean is a globally important crop for both food and oil production. However, traditional breeding relies heavily on
phenotypic selection, which is time-consuming, inefficient, and highly influenced by environmental factors, making it difficult to
achieve the coordinated improvement of high yield, superior quality, and stress resistance. This study systematically reviews the
application progress of marker-assisted selection (MAS) in soybean breeding, including resistance to diseases and pests, tolerance to
abiotic stresses, optimization of agronomic traits, and improvement of seed quality. It also analyzes the practical value of MAS in
gene pyramiding and backcross breeding. The results indicate that MAS has clear advantages in tracking, introgressing, and
pyramiding major genes and large-effect quantitative trait loci (QTL), thereby improving selection efficiency and shortening
breeding cycles. However, for complex quantitative traits such as yield and wide adaptability, its effectiveness is still constrained by
factors including minor-effect QTL, gene—environment interactions, and cost inputs. MAS serves as a fundamental technology for
precision breeding in soybean. In the future, it should be integrated with genomic selection, multi-omics approaches, and gene editing
technologies to enhance the improvement of complex traits and support the development of climate-resilient soybean varieties.
Keywords Soybean; Marker-assisted selection; Gene pyramiding; Quality improvement; Genomic selection

1 Introduction

Soybean (Glycine max (L.) Merr.) is an important crop used for both grain and oil production. It provides plant
protein and oil for human food, animal feed, and industrial uses, and holds a highly important position in global
agricultural production (Bhat and Yu, 2021; Xue et al., 2025). In recent years, with population growth, changes in
dietary structure, and the expansion of animal husbandry and bio-based industries, global demand for soybean
yield and quality has continued to increase (Vargas-Almendra et al., 2024). Climate change, emerging diseases,
and limited arable land resources have also placed greater pressure on soybean production. Therefore, more
efficient breeding methods are needed to develop new varieties with higher yield, better quality, and stronger
stress resistance as soon as possible.

Traditional soybean breeding mainly relies on phenotypic selection and long-term field evaluation, and has
achieved many results in genetic improvement. However, the overall breeding cycle is long, the labor demand is
high, and the process is easily affected by the environment. These limitations are particularly evident in the
improvement of complex quantitative traits such as yield, quality, and stress resistance (Ma et al., 2016; Bhat and
Yu, 2021). With the development of molecular biology and genomics, introducing molecular genetic information
into the breeding process has become an important approach to improving efficiency and shortening the breeding
cycle.

Marker-assisted selection (MAS) has developed under this background. It uses DNA markers closely linked to
target genes or quantitative trait loci (QTLs) to conduct indirect selection in breeding populations (Bhat and Yu,
2021). Compared with traditional phenotypic selection, MAS can complete genotypic identification at the seed or
seedling stage, reduce repeated phenotypic evaluations, and improve screening efficiency (Lin et al., 2022).
Commonly used markers currently include SSR, SNP, InDel, and KASP, which have been widely applied in
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early-generation selection, marker-assisted backcrossing (MABC), and the pyramiding of favorable alleles (Li et
al., 2024; Wang et al., 2024).

With the completion of soybean genome sequencing and the application of high-throughput genotyping platforms,
such as SoySNP50K and BARCSoySNP6K, a large number of genes and QTLs controlling important agronomic
traits, disease resistance, and seed quality have been gradually identified, laying a foundation for the application
of MAS in soybean breeding (Ravelombola et al., 2021; Lin et al., 2022). For example, MAS for maturity E gene
loci (E1-E4, etc.) has been successfully applied to the improvement of early-maturing adaptability in high-latitude
regions (Yerzhebayeva et al., 2023); the prediction accuracy of SNP markers for pod shattering resistance, such as
KSS-SNP5, can exceed 90% (Kim et al., 2020); and various SSR and KASP markers have also been developed to
improve quality traits such as seed protein, oil content, and Kunitz trypsin inhibitor (Riaz et al., 2023; Li et al.,
2024). Studies have shown that MAS has become an important conventional breeding strategy for introducing key
genes into the genetic backgrounds of elite varieties.

Although MAS has made progress in soybean breeding, its application still faces certain limitations. Many
important agronomic traits, especially yield-related traits, are usually controlled jointly by multiple loci with small
effects and are influenced by gene—environment interactions. This limits the predictive ability of MAS based on a
small number of marker loci (Zhang et al., 2016; Ravelombola et al., 2021). Recent studies have shown that, in
the improvement of such complex traits, genomic selection (GS) based on whole-genome marker information has
higher prediction accuracy. Therefore, modern breeding strategies are increasingly inclined to combine MAS with
GS in order to fully exploit the complementary advantages of both approaches (Bhat and Yu, 2021; Miller et al.,
2023).

This study systematically analyzes the research progress and practical application effects of MAS in the
improvement of important soybean traits, with a focus on its application achievements in disease resistance, stress
resistance, agronomic traits, and quality improvement. It also discusses the limitations of MAS in the
improvement of complex quantitative traits and its potential integration with emerging technologies such as
genomic selection, with the aim of providing a reference for optimizing future molecular breeding strategies in
soybean.

2 Application of MAS in Major-Effect Traits

2.1 Disease and pest resistance

Disease and pest resistance is one of the categories of major-effect traits in soybean that is most suitable for
marker-assisted selection (MAS). Soybean cyst nematode (SCN) is one of the most destructive diseases and pests
worldwide, and breeding resistant varieties is considered the most economical and environmentally friendly
control strategy. At present, rhgl and Rhg4 have been successfully identified and have become core loci for SCN
resistance improvement. SSR, SNP, CAPS, and KASP markers developed around these loci have been widely
used for early-generation screening of breeding populations and pyramiding of resistance genes, thereby
improving resistance durability and reducing dependence on a single resistance source (Lin et al., 2022; Qu et al.,
2025).

In addition to SCN, Phytophthora root rot and soybean rust are also among the most mature disease types for
MAS application. Phytophthora root rot, caused by Phytophthora sojae, is mainly controlled by the Rps gene
series. Map-based cloning of Rps// has shown that major-effect disease-resistance genes can provide direct
targets for the deployment of broad-spectrum resistance. Therefore, foreground selection and marker-assisted
backcrossing using markers closely linked to Rpsi, Rps3, Rps6, Rpsli, and other genes have become effective
strategies for introducing disease-resistance genes into elite genetic backgrounds (Lin et al., 2022). For soybean
rust, pyramiding of the Rpp gene series has also been applied in breeding. However, because the pathogen
Phakopsora pachyrhizi evolves rapidly and has complex pathotypes, relying only on a single major-effect gene
makes it difficult to maintain long-term stable resistance. Therefore, a combined strategy of “major-effect genes +
minor-effect QTLs” is more suitable.
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In terms of insect pests, Rag series genes associated with traits such as resistance to soybean aphid have also been
mapped and used for molecular detection, indicating that MAS is applicable not only to disease resistance, but
also to the rapid introgression and pyramiding of major pest-resistance loci.

2.2 Abiotic stress tolerance

Abiotic stresses such as drought, salinity-alkalinity, high temperature, low temperature, and waterlogging continue
to limit stable and increased soybean production. Under the background of climate change, both their frequency
and damage intensity are increasing. Therefore, stress-resistance breeding has become an important direction in
soybean improvement (Manghwar et al., 2022). Although most stress-resistance traits have quantitative genetic
characteristics, recent GWAS and QTL mapping studies have identified a group of loci with relatively large
effects in soybean, enabling MAS to conduct effective selection for certain key tolerance traits. Taking drought
resistance as an example, related QTLs are mostly associated with root architecture, osmotic regulation, and the
maintenance of redox homeostasis, and are closely related to yield and yield stability under drought conditions
(Amangeldiyeva et al., 2025; Gai et al, 2025) (Figure 1). In addition, the practice of introducing
drought-resistance QTLs through MAS in rice, which achieved yield improvement under stress conditions without
an obvious yield penalty under normal environments, also provides methodological reference for
drought-resistance breeding in soybean (Ramayya et al., 2021; Hassan et al., 2023).
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Figure 1 Molecular marker-assisted breeding workflow for soybean abiotic stress tolerance

Salinity-alkalinity stress is another key factor limiting regionalized soybean production. In addition to classical
salt-tolerance loci, recent studies have further identified key genes such as GmPM30, whose favorable haplotypes
can significantly improve survival and yield performance under salt stress by maintaining ion homeostasis and
alleviating oxidative damage. The related haplotype-specific markers already have potential for application in
MAS pipelines (Gai et al., 2025; Huang et al., 2025). In terms of waterlogging and heat tolerance, although their
genetic bases are more complex, several major-effect QTLs or candidate regulatory genes associated with
flooding survival rate, pollen viability, and flowering stability have been reported, such as GmDREB, GmNAC,
GmWRKY, and GmHSP, indicating that MAS can still be used for targeted improvement around stable
major-effect loci (Manghwar et al., 2022; Gai et al., 2025).

2.3 Agronomic trait improvement

Agronomic traits such as plant height, branching patterns, and growth habits directly affect light interception
efficiency, lodging resistance, adaptability to mechanized harvesting, and final yield potential in soybean
populations. Therefore, they are important targets for MAS of major-effect loci. GWAS and linkage analyses have
identified multiple genomic regions associated with plant height and architecture in soybean, some of which
overlap with determinate/indeterminate growth habit genes. The related SSR and SNP markers have been
validated in breeding populations (Ravelombola et al., 2021; Podzorova et al., 2022). For example, SSR markers
Satt244, Satt288, and Satt371 are significantly associated with plant height and related yield traits and can be used
for early-generation selection of ideal plant-type materials, reducing lodging risk and improving population
uniformity (Podzorova et al., 2022).

Flowering and maturity time are core traits determining regional adaptability of soybean, mainly regulated by
photoperiod response genes such as E7, E2, E3, and E4. SNP markers closely linked to these loci have been used
in breeding for adaptation to different ecological zones, allowing breeders to rapidly select genotypes with
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appropriate growth periods according to target latitude and cropping system (Ravelombola et al., 2021; Gai et al.,
2025). For yield-related traits, although total yield is a typical polygenic trait, component traits such as seed
weight, pod number, and per-plant yield still contain QTLs with moderate to large effects. For example, an
approximately 11.5 Mb region on chromosome 10 is significantly associated with both seed weight and yield,
showing high breeding value (Ravelombola et al., 2021). Therefore, MAS can be preferentially applied for precise
manipulation of major-effect agronomic traits such as plant architecture and growth period, and can be combined
with genomic selection (GS) to simultaneously capture the contributions of both major- and minor-effect loci to
yield potential (Ravelombola et al., 2021; Gai et al., 2025).

3 Application of MAS in Quality Improvement

3.1 Protein and oil content

Soybean seed protein and oil contents are core traits determining nutritional quality and processing value. Both
traits have relatively high heritability, but they are usually negatively correlated with each other and show certain
trade-offs with yield, making their coordinated improvement difficult (Lee et al., 2019). Existing GWAS, linkage
analyses, and multi-environment trials have shown that although protein and oil contents are mainly controlled by
multiple genes, relatively stable large-effect QTLs exist in regions such as chromosomes 15 and 20. In addition,
several regions on chromosomes 2, 8, and 14 can also explain a relatively high proportion of phenotypic variation,
and therefore have become priority targets for MAS utilization (Jin et al., 2023). These results indicate that, in
quality breeding, MAS is particularly suitable for early-generation screening targeting stable major-effect loci,
thereby improving the efficiency of identifying high-protein or high-oil materials.

In terms of oil improvement, high-resolution GWAS has identified multiple SNP-enriched regions associated with
oil content, some of which contain candidate genes related to lipid metabolism and transport. Meta-QTLs formed
through meta-analysis of previous QTLs further improve the stability and transferability of markers (Kumar et al.,
2022). Among them, GmSWEET39 on chromosome 15 has been identified as an important causal gene
simultaneously affecting the protein-oil balance. Its different haplotypes correspond to “high-oil and low-protein”
or “relatively high-protein” phenotypes, providing a functional marker basis for the targeted design of quality
combinations (Figure 2) (Zhang et al., 2020). Therefore, by jointly tracking major-effect QTLs and key genes
through functional markers such as KASP, MAS can, to a certain extent, alleviate the negative correlation
between protein and oil and achieve targeted optimization of seed composition (Patel et al., 2025).
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3.2 Specialized metabolites

In addition to protein and oil, soybean seeds are also rich in various specialized metabolites with nutritional and
functional value, among which isoflavones and specific fatty acid compositions are the most representative.
Isoflavones, such as genistein and daidzein, are synthesized through the phenylpropanoid-flavonoid pathway, and
their natural variation is closely related to differences in the expression of key enzyme genes such as CHS, CHI,
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and IFS, as well as upstream regulatory factors (Kim et al., 2021; Zhao et al., 2025). Transcriptomic and
multi-omics studies have shown that related biosynthetic genes are continuously highly expressed at specific
developmental stages in high-isoflavone lines, and isoflavone accumulation is also coordinated with changes in
amino acid metabolism, lipid metabolism, and antioxidant defense networks. Therefore, molecular markers linked
to or functionally associated with these loci can provide an important basis for the targeted improvement of
isoflavone content through MAS.

Fatty acid composition directly determines the nutritional structure, oxidative stability, and processing suitability
of soybean oil. High-resolution mapping studies have identified multiple stable QTLs controlling the contents of
palmitic acid, stearic acid, oleic acid, linoleic acid, and linolenic acid, including candidate genes such as GmFabG,
GmACP, GmFADS, and fatty acid desaturase-related regions. These QTLs and their tightly linked SNPs can be
directly used to screen high-quality oil-type materials, such as those with high oleic acid and low linolenic acid
contents (Li et al., 2017; Kumar et al., 2022; Wang et al., 2025).

3.3 Seed nutritional and processing quality

Seed nutritional and processing quality directly determines the application value of soybean in soybean products,
plant protein, and feed processing. Its improvement goals have expanded from simply increasing total protein
content to optimizing amino acid composition, reducing antinutritional factors, and improving processing
suitability. GWAS studies have shown that the contents of essential amino acids such as cysteine, methionine,
lysine, and threonine are regulated by multiple QTLs, and some loci are relatively independent of total protein
content loci. This means that amino acid balance can be improved through MAS without significantly changing
the overall protein level (Lee et al., 2019). In addition, in populations derived from cultivated soybean and wild
soybean, some donor alleles that increase protein content have been mapped and shown to function stably with
relatively small effects on oil content and agronomic traits, providing traceable targets for backcross introgression
and early-generation screening (Huang et al., 2020).

Trypsin inhibitors, lipoxygenases, and certain storage protein variants are important targets for MAS because they
affect protein digestibility, beany flavor, oil oxidative stability, and functional properties in food processing,
respectively (Kumar et al., 2022; Yao et al., 2022). Molecular markers closely linked to these loci can be used to
screen materials with low antinutritional factors, reduced off-flavor, and better processing performance, thereby
achieving coordinated improvement of nutritional quality and processing quality. As QTLs related to protein, oil,
amino acids, and processing traits are gradually integrated with genomic prediction models, breeders have been
able to design ideal genotypes around the comprehensive goals of “high nutritional value-excellent processing
characteristics—acceptable agronomic performance” (Sun et al., 2022; Patel et al., 2025).

4 Gene Pyramiding and MAS

4.1 Gene pyramiding strategies

Gene pyramiding refers to a breeding strategy that integrates multiple independent genes or QTLs with favorable
effects into the same genetic background, aiming to simultaneously express multiple desirable traits in a single
variety, thereby achieving broader, more stable, or more durable improvement effects than individual genes
(Dormatey et al., 2020; Haque et al., 2021). In soybean, this strategy is particularly suitable for improving disease
and pest resistance, stress tolerance, and certain quality traits, which are determined by multiple functionally
complementary major- or moderate-effect loci. Unlike traditional cumulative selection based on phenotypes, MAS
can directly track multiple target loci in segregating generations, improving pyramiding efficiency and reducing
misselection caused by environmental interference (Das et al., 2017). In disease-resistance breeding, pyramiding
multiple R genes or major-effect QTLs, or combining major genes with minor-effect resistance loci, has been
shown to enhance resistance spectrum and durability. This principle also applies to complex adaptive traits such
as drought, salt, and waterlogging tolerance (Dormatey et al., 2020; Haque et al., 2021).
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Marker-assisted backcrossing (MABC) is the core technical pathway for achieving gene pyramiding. Its basic
framework includes foreground selection, recombinant selection, and background selection, aiming to restore the
recurrent parent genome as quickly as possible while introducing target genes (Haque et al., 2021). In multiple
crops, MABC can restore more than 95% of the recurrent parent genome within 3-4 backcrosses and successfully
pyramid 4-10 resistance or tolerance loci, which is significantly faster than traditional backcrossing methods (Das
et al., 2018; Pandit et al., 2021). With the introduction of high-density SNP chips, KASP, multiplex detection
systems, and genomic selection models, breeders can now simultaneously track multiple loci, optimize population
size, and improve pyramiding success rates, providing an actionable approach for modular improvement of
complex target traits in soybean (Jarallah et al., 2025).

4.2 Breeding efficiency and limiting factors

Gene pyramiding through MAS improves traditional breeding efficiency. Its core advantage lies in the ability to
directly identify target gene combinations at the seedling or early-generation stage, thereby reducing the number
of materials carried into subsequent generations and saving field space, phenotyping costs, and breeding cycle
time (Haque et al., 2021). In multiple crops, marker-assisted gene pyramiding can essentially restore elite genetic
backgrounds within 2—4 backcrosses, whereas traditional backcrossing usually requires about six generations. It
can also pyramid multiple resistance or tolerance loci, enhancing resistance levels and yield stability (Kumar et al.,
2018; Haque et al., 2021). This means that breeders can not only simultaneously track multiple target loci through
multi-marker detection, but also focus resources on the most promising recombinants using foreground and
background selection, improving the accumulation efficiency of favorable genes in populations (Ramalingam et
al., 2020).

However, multi-gene pyramiding is not without cost. As the number of target genes increases, the required
population size rapidly expands; at the same time, gene linkage, QTLXQTL interactions, and donor fragment
linkage drag increase screening difficulty and may weaken the expression of target genes in new genetic
backgrounds (Das et al., 2017). Even if molecular detection confirms the target genotypes, rigorous background
selection and multi-environment field trials are still needed to validate the combined performance of resistance,
stress tolerance, yield, and adaptability.

4.3 Application of gene pyramiding in soybean breeding

In soybean breeding, MAS-based gene pyramiding has gradually shifted from theoretical strategy to practical
application, with the most mature field still being disease-resistance breeding (Figure 3). Studies have used
marker-assisted backcrossing to simultaneously introduce the Phytophthora root rot resistance gene Rps2,
powdery mildew resistance gene Rmd-c, and effective nodulation-related genes into high-yielding variety
backgrounds, resulting in new materials with multiple resistances and good agronomic performance. This
demonstrates the feasibility of simultaneous multi-gene introgression in soybean (Ramalingam et al., 2020). The
same concept also applies to the pyramiding of soybean cyst nematode resistance genes Rhgl/Rhg4, different Rps
genes, and rust resistance genes, aiming to build broader-spectrum and more durable resistance systems within a
single variety (Haque et al., 2021).

In terms of abiotic stress, although mature pyramiding cases reported in soybean are still fewer than those in crops
such as rice, the relevant technical pathway has become relatively clear. As major-effect QTLs and candidate
genes related to drought, salt, waterlogging, and heat tolerance continue to be validated, breeders can use MAS to
integrate loci corresponding to different stress-resistance mechanisms—such as genes related to osmotic
regulation, maintenance of ion homeostasis, and optimization of root architecture—into the same elite genetic
background, thereby improving varietal stability and adaptability under complex environments (Dormatey et al.,
2020; Pandit et al., 2021). In quality improvement, gene pyramiding also has clear potential. For example, joint
selection of protein- and oil-related QTLs, fatty acid composition loci, and low-antinutritional-factor genes is
expected to simultaneously improve nutritional value, processing quality, and marketability (Das et al., 2017;
Zampieri et al., 2023).
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Figure 3 Representative applications of MAS-based gene pyramiding in soybean breeding

5 Limitations of MAS

5.1 Minor-effect QTLs

Although MAS has achieved significant results in the utilization of major genes and large-effect QTLs, its
application is often clearly limited by the complex genetic architecture of minor-effect QTLs for typical
quantitative traits such as yield, stress resistance, and certain quality traits. Such traits are usually jointly
controlled by a large number of small-effect loci, with each individual locus explaining only a very low proportion
of phenotypic variation. The remaining variation is also jointly influenced by undetected loci, environmental noise,
and epistatic interactions. Therefore, relying only on a small number of markers makes it difficult to fully capture
the complete genetic basis (Yafiez et al., 2023; Oh et al., 2025). When the target phenotype is jointly formed by
multiple minor-effect QTLs through additive or interactive effects, the advantage of traditional MAS in “targeted
selection of a few loci” is significantly weakened. This is also one of the important reasons why MAS is often
inferior to genomic selection in the improvement of complex quantitative traits (Yafiez et al., 2023; Li and Lin,
2024).

Another key limitation lies in the poor environmental stability and transferability of minor-effect QTLs. Many
minor-effect loci detected in specific populations and environments are often difficult to repeatedly validate under
different genetic backgrounds, climatic conditions, or cultivation management practices, reflecting significant
genotype x environment interactions and background-dependent marker—trait associations (Chang-Brahim et al.,
2024; Li and Lin, 2024). Precise mapping of such loci usually requires large populations, high-density markers,
and repeated validation across multiple environments in order to effectively distinguish true minor-effect QTLs
from statistical false positives and reduce the risk of recombination between markers and causal variants (Song et
al., 2023). In practical breeding, minor-effect QTLs are often difficult to stably convert into routine MAS tools in
the same way as major genes.

5.2 Cost and operational challenges

Although MAS can theoretically significantly improve breeding efficiency, its routine promotion is still
constrained by both cost and operational conditions, especially in resource-limited breeding programs. First,
high-throughput genotyping, SNP chips, and sequencing-based detection platforms still involve relatively high
costs when applied to large-scale populations, and often require dedicated instruments, reagents, and data
processing software. As a result, although the testing cost per sample may decrease, the initial infrastructure
investment and continuous operating expenses remain high (Song et al., 2023; Chang-Brahim et al., 2024). Even
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when low-cost strategies such as pooled DNA, crude DNA extraction, or multiplex PCR are used to reduce the
unit sample cost, laboratory platform construction, quality control, and professional personnel allocation still
constitute important barriers (Ru et al., 2015).

MAS is not simply “molecular detection replacing phenotypic evaluation”. Instead, it requires the highly
integrated implementation of marker development, DNA extraction, genotyping, data management, and
conventional hybridization and selection procedures, which places high demands on a team’s capabilities in
molecular biology, statistical analysis, and bioinformatics (Chang-Brahim et al., 2024). In practical operation,
differences among laboratories in DNA quality, marker platforms, interpretation standards, and data management
may all affect result consistency and technical reproducibility. Meanwhile, some breeding teams lack a clear
cost—benefit evaluation framework and are uncertain about the breeding stage at which MAS should be introduced,
making it difficult for molecular markers to be truly embedded into routine breeding decision-making processes
(Ru et al., 2015). In developing countries or emerging breeding systems, insufficient funding, limited testing
services, and pressure from short-term production goals further intensify this problem, resulting in an obviously
uneven pattern of global MAS application.

5.3 Limitations of MAS in complex traits

The limitations of MAS are most prominent in the improvement of complex traits, especially in polygenic traits
such as yield, adaptability, and comprehensive stress resistance. Such traits are usually determined by a large
number of minor-effect loci and are simultaneously influenced by gene—environment interactions (GxE) and
epistatic effects. Therefore, the phenotypic variation explained by a single or a few QTLs is very limited, making
it difficult to accurately predict final performance (Yafiez et al., 2023). Taking soybean yield as an example, it is
essentially the combined result of multiple component traits such as pod number, seed weight, branch number,
and growth period. If only a few molecular markers are tracked, it is insufficient to capture the complete genetic
basis, and the improvement magnitude may also be difficult to justify the cost and operational complexity of MAS
implementation (Yafiez et al., 2023; Oh et al., 2025).

Marker—trait associations in complex traits often show clear environmental dependence: a QTL that is significant
in one population or environment may have a weakened effect or even disappear under another genetic
background, management condition, or climatic context, thereby reducing the stability and transferability of MAS
results (Chang-Brahim et al., 2024; Li and Lin, 2024). Increasing numbers of studies advocate limiting MAS to
major genes and large-effect QTLs, while assigning the improvement of highly polygenic traits more to genomic
selection (GS), because GS can use whole-genome marker information to integrate a large number of minor-effect
loci and their interaction effects (Yafiez et al., 2023; Kumar et al., 2025).

6 MAS in the Genomic Era

6.1 High-throughput genotyping technologies

With the rapid development of genomics, high-throughput genotyping technologies have significantly expanded
the marker resources and application boundaries of MAS. Due to their wide distribution, high stability, and ease
of automated detection, SNPs have become the core marker type in modern molecular breeding. Commercial SNP
chips can typically detect tens of thousands to hundreds of thousands of loci simultaneously and have been widely
used for QTL mapping, routine MAS, genomic selection (GS), and breeding quality control (Kumar et al., 2024).
In soybean, high-density platforms such as SoySNP50K have been used for constructing genetic maps and
screening key loci, providing a basis for high-precision MAS (Bhat et al., 2016).

The popularization of NGS has further promoted the development of sequencing-based genotyping (GBS). GBS
can simultaneously discover and genotype thousands of SNPs at a relatively low cost through
reduced-representation genome sequencing, combining high throughput with considerable flexibility. Even at
lower sequencing depths, it can support genetic analysis of complex traits and prediction of breeding values (Bhat
et al., 2016; Sinha et al., 2023). New platforms such as GBTS and mSNP liquid-phase chips provide layered
schemes with approximately 1K to over 40K markers, allowing the same system to simultaneously serve
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major-effect gene MAS and whole-genome prediction (Guo et al., 2019; 2021). Therefore, high-throughput
genotyping technologies have enabled MAS to transition from “few-locus detection” to a new stage of
“high-density, customizable, and integrable” applications.

6.2 Integration with genomic selection

Methodologically, the core difference between MAS and genomic selection (GS) lies in how molecular marker
information is utilized. MAS primarily relies on a few discovered and validated markers that are tightly linked to
major genes or large-effect QTLs, making it suitable for targeted selection of Mendelian or oligogenic traits such
as disease resistance, maturity, and specific quality loci. In contrast, GS assumes that all genome-wide markers
may be linked to causal variants and predicts genomic estimated breeding values (GEBVs) by simultaneously
estimating all marker effects, making it more suitable for complex quantitative traits controlled by a large number
of minor-effect loci (Bhat et al., 2016; Nanthini et al., 2025). In crops such as soybean, with the development of
high-throughput SNP chips and GBS platforms, the predictive potential of GS for complex traits such as yield,
stress tolerance, and comprehensive quality has continuously improved, while MAS still maintains an advantage
in managing major-effect loci.

For highly polygenic complex traits, GS generally offers higher prediction accuracy and genetic gain per unit time
than MAS, because it can integrate a large number of minor-effect loci across the genome and their combined
effects without requiring individual markers to reach significance thresholds (Budhlakoti et al., 2022). However,
when major-effect loci that explain a substantial proportion of phenotypic variation exist for the target trait, MAS
still retains strong competitiveness. Therefore, the currently more practical strategy is not to replace MAS with GS,
but to integrate the two: use MAS to introgress or fix key major-effect genes, such as disease-resistance genes,
maturity genes, or important quality loci; simultaneously utilize GS to optimize the genetic background composed
of numerous minor-effect loci, thus improving both Mendelian and quantitative components (Sinha et al., 2023;
Kumar et al., 2024; Jarallah et al., 2025). This complementary approach of “precise control of major-effect loci +
whole-genome background prediction” is becoming an important direction in soybean molecular breeding in the
genomic era.

7 Future Prospects of MAS in Soybean Breeding

7.1 Improving accuracy and validation of molecular markers

The key to further enhancing the application value of MAS in soybean lies in continuously improving the
accuracy, stability, and cross-population transferability of molecular markers. Currently, many markers are still
based on “tight linkage with target genes or QTLs” rather than directly corresponding to causal variants, and their
predictive ability may be reduced in different genetic backgrounds or ecological environments due to
recombination or haplotype differences. This is particularly evident for traits regulated by multiple loci, such as
seed weight, sucrose content, and seed quality (Bhat and Yu, 2021; Hasan et al., 2021). In the future, fine mapping,
candidate gene analysis, and haplotype analysis should be more extensively employed to gradually upgrade
traditional linked markers to functional markers or high-resolution targeted SNP panels, enabling markers to more
directly reflect causal variants and thereby improving stability and accuracy in routine breeding (Yang et al.,
2023).

The practical breeding value of molecular markers does not depend on “significance” but on “sufficient
validation”. Future validation systems should emphasize cross-validation, independent population testing, and
multi-environment trials to systematically evaluate marker stability across different germplasms and stress
conditions. For example, SNPs associated with soybean pod shattering resistance can maintain over 90%
prediction accuracy across different breeding stages and environments, indicating that rigorous validation is a
prerequisite for markers to enter routine MAS pipelines (Kim et al., 2020). Only sufficiently validated markers
have large-scale application value for critical decisions such as parental selection, hybrid design, and release of
gene-edited materials. For complex traits, validated key markers can further be integrated with GS models to
improve prediction efficiency and decision reliability (Xue et al., 2025).
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7.2 Integrating MAS with multi-omics data

Future soybean MAS will no longer be limited to DNA-level linked markers, but will rely more on the
coordinated integration of genomic, transcriptomic, proteomic, metabolomic, and high-throughput phenotypic
data to systematically reveal the causal chains between “genotype-regulatory network—phenotype” (Hasan et al.,
2021; Vargas-Almendra et al., 2024). For example, combining SNP information obtained from GWAS with
transcriptomic expression patterns can more accurately distinguish truly functional candidate genes from markers
that are merely in linkage. Further overlaying metabolomic data helps to pinpoint key pathways directly involved
in seed component formation, stress responses, or developmental regulation, thereby improving the precision of
functional marker development (Budhlakoti et al., 2022).

The value of multi-omics integration lies not only in improving marker development accuracy but also in
enhancing the biological interpretability of MAS and its ability to improve complex traits. Studies have shown
that incorporating a small number of metabolite markers obtained from metabolome association analysis into
prediction models can increase the prediction accuracy of heterosis or complex traits by 4%-14%, sometimes even
exceeding that of full genome—-metabolome models (Xu et al., 2025). Applying similar strategies to soybean
allows breeders to prioritize markers from transcripts, proteins, or metabolites with clear functional links to
sucrose, isoflavones, protein, oil, or stress responses, making MAS not just “tracking loci” but “fixing favorable
alleles within regulatory networks” (Riaz et al., 2023; Xue et al., 2025). In the future, multi-omics-driven MAS
can also synergize with GS and gene editing to provide more interpretable and precise molecular breeding
strategies for complex traits.

7.3 Developing climate-adapted soybean varieties

Climate change continues to intensify the combined stresses of high temperature, drought, flooding, and emerging
pests and diseases on soybean production. Therefore, developing climate-adapted varieties with high yield, stable
yield, stress resistance, and superior quality has become one of the core goals of future molecular breeding in
soybean (Budhlakoti et al., 2022; Vargas-Almendra et al., 2024). In this process, MAS still plays an irreplaceable
role, particularly suitable for tracking and pyramiding major disease-resistance genes, maturity-related genes, and
certain stable stress-resistance loci. For highly polygenic traits such as drought tolerance, heat tolerance, and
broad adaptability, MAS is best combined with GS to simultaneously capture the contributions of numerous
minor-effect loci to complex stress responses (Budhlakoti et al., 2022). Therefore, future climate-adapted soybean
breeding should not focus solely on single-stress tolerance but should prioritize fixing key adaptive alleles through
MAS, and then optimize the whole-genome background using GS to maintain yield and quality stability under
complex environments.

The future climate-adapted soybean breeding system is likely to adopt a comprehensive “MAS + GS + gene
editing + rapid breeding” model: MAS is used to identify and fix key alleles, GS predicts combined breeding
values under different environments, CRISPR/Cas is used to precisely introduce superior allelic variants when
natural variation is insufficient, and rapid breeding shortens generation time to accelerate fixation of target
genotypes (Fang et al., 2021; Vargas-Almendra et al., 2024). Studies have shown that optimizing hybrid
combinations using genomic prediction can significantly improve the efficiency of soybean genetic improvement.
This strategy can also be extended to prioritize the selection of hybrid combinations that combine stress resistance,
disease resistance, suitable maturity, and superior quality (Miller et al., 2023). Therefore, MAS in the future will
not be applied in isolation but will serve as a “key-locus anchoring tool” in climate-adapted breeding, embedded
within a more systematic molecular design breeding framework to support global food and feed security.

8 Concluding Remarks

Marker-assisted selection (MAS) has become an important technical foundation of modern soybean molecular

breeding and has profoundly changed the way genetic variation is discovered, tracked, and utilized. With the

development of molecular marker systems from RFLP and SSR to high-density SNP chips and NGS-based

detection platforms, breeders are able to more efficiently associate genomic regions with disease resistance,

adaptability, quality, and some yield-related traits. In soybean, MAS is particularly effective for traits controlled
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by single genes or a small number of major-effect genes. It has achieved stable results in resistance to soybean
cyst nematode, resistance to Phytophthora root rot, regulation of maturity, and improvement of certain seed
quality traits, and has significantly shortened the breeding cycle through marker-assisted backcrossing and gene
pyramiding.

However, the advantages of MAS are mainly concentrated in the management of major-effect loci, and clear
limitations remain in the improvement of complex quantitative traits. Traits such as yield stability, climate
adaptability, and multiple-stress tolerance are usually jointly affected by numerous minor-effect QTLs,
gene—environment interactions, and genetic background effects. A small number of markers are difficult to fully
explain their phenotypic variation, and therefore their predictive ability is usually weaker than that of genomic
selection (GS). MAS is also constrained by the accuracy of phenotypic evaluation, marker stability across
populations, environmental dependence of QTLs, and continuous genotyping costs. These problems are
particularly prominent in resource-limited breeding systems.

In the future, MAS will not be replaced, but will be repositioned within an integrated genomic breeding
framework. A more efficient strategy is to use MAS to precisely track key disease-resistance genes, major
adaptive loci, and functional markers, while using GS to optimize polygenic backgrounds. At the same time,
multi-omics analysis, high-throughput phenotyping, and artificial intelligence prediction should be integrated to
improve the efficiency of candidate locus discovery and cross-environment prediction ability. On this basis,
gene-editing technologies such as CRISPR/Cas will enable breeding to gradually move from “indirect selection
based on linked markers” toward “direct modification or regulation of causal alleles.”

The development trajectory of MAS in soybean shows that it has evolved from a single molecular tool into a key
component of modern precision breeding systems. As long as molecular markers are fully validated and applied
synergistically with GS, gene editing, and multi-omics technologies, MAS will remain an important bridge
connecting key genes with breeding practice, and will continue to play a central role in developing new soybean
varieties with high yield, superior quality, stress resistance, and adaptation to climate change.
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Abstract The experiment was carried out at Marpha, Mustang in order to determine the effect of different concentrations of plant
growth regulators: Gibberellic acid (GAs) and naphthalene acetic acid (NAA) on growth and seed yield of cabbage from February to
July 2024. The experiment was laid out in one factor randomized complete block design (RCBD) with seven treatments. The
treatments consist of application of different concentrations of GA3 and NAA namely: Ti: Control (distilled water spray), T2: GA3-50
ppm, T3: GA3-75 ppm, Ts: GA3-100 ppm, Ts: NAA-50 ppm, Ts: NAA-75 ppm and T7: NAA-100 ppm. Each treatment was replicated
3 times. Thus, there were 21 plots consisting of 2 sample plants in each plot. So, there were total of 42 plants. Different growth
parameters like peduncle height, number of leaves, number of branches, canopy cover and yield parameters like number of
inflorescences, number of pods per inflorescence, number of seeds per pod, Thousand Grain Weight (TGW), seed yield per plant
were assessed. The solution for spray was made using standard procedures. Application of the plant growth regulators was done
twice; the first application was done at the time of head initiation and second application was done at 50% flowering. The data was
first entered in MS excel and R-Stat was used for further analysis of the parameters. The application of GA3z at 50 ppm (2.91 t/ha)
was found most effective for seed yield than other treatments. The control treatment was found least effective in all parameters.
Similarly, other growth and yield parameters like peduncle height, leaf number, number of pods per inflorescence and Thousand
Grain Weight (TGW) were found to be highest by the application of GAsz at 50 ppm. Hence the results revealed that the different
concentrations of GA3 and NAA significantly influenced seed yield of cabbage along with growth parameters.

Keywords Plant growth regulators; GAs; NAA; Cabbage; Seed yield; Growth

1 Introduction

Nepal is a small landlocked mountainous country bordered by India in south, east and west and China in north.
Agriculture is chiefly recognized as the mainstream economic sector in Nepal for the overall development and
remained as a major concern to the government, business and to the general people in large (Pokhrel and Rijal,
2017). Agriculture employs 65.7% of the labor force in Nepal. In Nepal, 3,091,000 hectares of land area is under
cultivation and 1,030,000 hectares of cultivable land is still not cultivated (MoALD, 2018). The contribution of
agriculture sector in natural GDP is 31.23%, where horticulture sub-sector has the most significant role, sharing
21.42% in AGDP of the country (MoALD, 2016).

Cabbage (Brassica oleracea var. capitata) is one of the most consumed and most important leafy vegetables
worldwide due to its high nutritional value (Sawant et al., 2010; Shrestha, 2019). It is therefore necessary to
improve the seeds of cabbage for more production. This is a plant that grows in certain regions of the temperate
zone and is cultivated every two years (Ahmed et al., 2019). However, its cultivation is equally successful in the
tropical and sub-tropical regions (Devi et al., 2017). It is used as vegetables in curries, salad, and pickling. It is
taken alone or in combination with potatoes for purposes of preparing vegetables (Singh, 2015). As per studies, it
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was found that 100 g of the green edible portion of the cabbage is present with 92 %water, 18 mg sodium, 170 mg
potassium, 1.28 g protein, 5.8 g carbohydrate, 4 % calcium, and 2 % mg iron (Dev et al., 2020). It is also rich in
indole-3-carbinol which helps in improving the capability of DNA repair in cells and seems to hinder the
formation of cancer cells (Moniruzzaman et al., 2019). The seed production in cabbage can be done by seed to
seed and head to seed method. In head to seed method, head intact method is especially practiced where a cross
cut is made to facilitate the emergence of the flower stalk (Singh et al., 2018). Despite its importance, cabbage
seed production occupies a relatively small portion of the vegetable seed importance sector. It accounts for about
0.5% of the vegetable seed-producing land (Aryal et al., 2022). Seed yield and quality are critical factors
influencing cabbage productivity. However, cabbage seed production is often constrained by climatic conditions,
particularly in cold and high-altitude environments where low temperatures and short growing seasons can
adversely affect flowering, seed set and maturation. The application of plant growth regulators has therefore been
studied as a method of enhancing cabbage and reproductive performance.

Gibberellic acid (GAs) and naphthalene acetic acid (NAA) are widely used plant growth hormones which
exhibited beneficial effect in several crops such as cell elongation and floral induction (Chaurasiy et al., 2014).
Similarly, application of plant growth regulator is also better to enhance the yield of vegetable without
compromising with their quality (Singh and Verma, 2021). Previous studies have reported that GAj3 application
can enhance plant height, leaf number, flowering and seed yield in cabbage and other Brassicaceae crops
(Moniruzzaman et al., 2019; Dev et al., 2020). Similarly, NAA has been shown to enhance flower retention, pod
development and seed maturation by influencing auxin-related physiological mechanisms. However, the majority
of these investigations have been carried out in lowland or moderate climatic conditions.

Systemic studies evaluating the combined and comparative effects of GAsz and NAA on cabbage seed production
under high-altitude, cold climate conditions remain limited. Specifically, data regarding ideal hormone levels for
improving seed yield in areas like Mustang, Nepal is limited. Therefore, this study was conducted to evaluate the
effects of different concentrations of GA3; and NAA on the growth and seed yield of cabbage in high altitude
environments, with the goal of producing location-specific recommendations for cabbage seed production in
colder areas.

2 Materials and Methods

2.1 Experimental site and climate

The experiment was conducted at Temperate Horticulture Development Center (THDC) located at Gharapjhong
Rural Municipality-2, Marpha, Mustang district, coordinated at 28 °20° to 29 °05’ N and 83 °30’ to 84 °15° E with
an altitude of 2,650 masl. The area is characterized by a cold, high altitude climate with cool summers and cold
winters. The average annual minimum and maximum temperature range reported during the research period were
4.9 °C-20.7 °C. The average annual rainfall of the study site was recorded to be about 36.875 mm. The soil in the
experimental area was sandy loam to sandy in texture, well-drained and was prepared by ploughing and leveling
before transplanting.

2.2 Plant material and experimental design

The experiment was conducted using cabbage (Brassica oleraceae var. capitata) plants of Copenhagen market
variety. The head of the matured cabbage was transplanted at the first week of Bhadra. Transplanting was done at
a spacing of 60 x 75 cm and plot size was maintained 2.40 x 3.00 m. The experiment was laid out in a
single-factor Randomized Complete Block Design (RCBD) with 7 treatments and 3 replications. The treatments
namely Ti, T2, T3, Ts, Ts, Ts and T7 consisted of different concentrations of GA3 and NAA including a control
which is shown in (Table 1).
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Table 1 List of treatments and application doses

Treatments Concentration (ppm)

Ty Control (Spraying distilled water)
T2 GA3-50 ppm

T; GA3-75 ppm

T, GA3-100 ppm

Ts NAA-50 ppm

Ts NAA-75 ppm

T, NAA-100 ppm

2.3 Cultural practices

Standard agronomic practices were followed throughout the experimental period. Land preparation involved deep
ploughing followed by harrowing to make soil free from large soil clods and weeds prior to transplanting.
Seedlings of uniform size and age were transplanted carefully. Fertilizers were applied according to recommended
doses, with basal and topdressing applications. Irrigation was provided immediately after transplanting to
maintain adequate soil moisture, then it was given at 7-8 days interval. Weeding and plant protection measures
were carried out uniformly across all plots to minimize biotic stress.

2.4 Data collection and measurements

Data were recorded from central 2 plants per plot resulting in a total of 42 sampled plants. Observations were
taken at 15 days after treatment (DAT), 30 DAT and at harvest. Growth parameters included peduncle height,
number of leaves, number of branches and canopy cover. Yield attributes such as number of inflorescences, pods
per inflorescence, seeds per pod, Thousand Grain Weight (TGW) and seed yield per plant were recorded
following standard measurement procedures.

2.5 Statistical analysis

Data entry was done with the help of MS Excel following standard format then data were subjected to analysis of
variance (ANOVA) appropriate to one-way randomized complete block design technique using RStudio. All the
analyzed data were subjected to Duncan’s Multiple Range Test (DMRT) for mean comparison at 5% level of
significance and findings were discussed related with available literature (Gomez and Gomez, 1984).

3 Results and Analysis

3.1 Growth parameters

3.1.1 Peduncle height

The result showed that peduncle height was significantly influenced by the application of different concentrations
of GA; and NAA (Table 2). At 15 DAT, the maximum peduncle height was recorded from GAs; at 50 ppm
(106.33 cm) followed by GA3 at 100 ppm (96.33 cm) which was statistically similar with NAA at 100 ppm (87
cm). Monoruzzaman et al. (2019) also reported the maximum peduncle height from GA3 at 50 ppm. The control
treatment gave the lowest peduncle height (58.67 cm) which was statistically at par with NAA at 50 ppm (61.67
cm). At 30 DAT, the maximum peduncle height was recorded from GA3 at 100 ppm (136.33 ppm) which was
statistically similar with GA3z at 50 ppm (118.83 cm) whereas the minimum peduncle height was recorded from
control treatment (95.33 cm).

At harvest, the mean peduncle height was found to be 121.61 cm. The maximum peduncle height was recorded
from GAjz at 100 ppm (136.33 cm) which was statistically similar with NAA at 100 ppm (130.33 cm). The
minimum peduncle height was recorded from control treatment (110.33 c¢cm) which was statistically at par with
NAA at 50 ppm (113 cm) and NAA at 75 ppm (117.33 cm). However, the minimum peduncle height was
recorded all in control treatment at 15 DAT, 30 DAT and a harvest.
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3.1.2 Number of leaves
The analyzed data revealed that the number of leaves was significantly influenced by the application of different
concentrations of GA3 and NAA (Table 2).

At 15 DAT, the mean leaf number was found to be 131.52. The maximum leaf number was observed from GA3; at
50 ppm (147.33) followed by GA3 at 100 pm (136) and NAA at 100 ppm (41.33). Kumar et al. (2023) also
reported the maximum and minimum leaf number from GA3 at 50 ppm and from control treatment. The minimum
leaf number was observed from control treatment (120.33) and NAA at 50 ppm (120.33).

At 30 DAT, the mean leaf number was found to be 137.85. The maximum leaf number was recorded from GA3 at
50 ppm (167.67) and NAA at 100 ppm (162) whereas the minimum leaf number was observed from control
treatment (105).

However, the maximum and minimum leaf number was recorded from GA3 at 50 ppm and control treatment at
both 15 DAT and 30 DAT.

3.1.3 Number of branches

It is clear from the data that the application of GA3 and NAA significantly affected on number of branches of
cabbage at 30 DAT whereas the treatment was found non-significant at 15 DAT (Table 2). It might be due to
various environmental factors like light, temperature and nutrient availability which can modulate the plant’s
response to hormones. The mean branch number at 15 DAT was found to be 31.14. The maximum branch number
was observed from GA3 at 100 ppm (49.83) which was significantly similar with NAA at 100 ppm (43.17). The
minimum number of branches was observed from control treatment (27.33) along with GA3 at 50 ppm (29.17) and
GA3 at 75 ppm (29.17) which was statistically at par with NAA at 50 ppm (32.83) and NAA at 75 ppm.

3.1.4 Canopy cover

The analyzed data revealed that the canopy cover was significantly influenced by the application of different
concentrations of GA3 and NAA (Table 2). The canopy cover was also found non-significant at 15 DAT. The
mean canopy cover recorded was 31.14 cm.

Table 2 Effect of different concentrations of GA3 and NAA on growth parameters of cabbage at THDC, Marpha, Mustang, 2024

Treatments Peduncle height (cm) Number of leaves Number of branches Canopy cover (cm)
15 DAT 30 DAT Atharvest 15 DAT 30 DAT 15 DAT 30DAT 15DAT 30DAT
T 58.67° 95.334 110.33¢ 120.33¢ 105.00° 28.33 27.33¢ 64.25 95.334
T2 106.332 118.83% 120.00¢¢ 147.332 167.67° 30.83 29.17° 70.75 118.83
T3 81.33¢ 107.33¢ 124.00b° 128.00° 129.00¢  28.83 28.00¢ 54.33 107.33¢
Ty 96.33% 124.67° 136.33% 136.00° 136.67°¢ 3433 49.832 59.83 124.67°
Ts 61.67° 117.17° 113.00% 120.33¢ 123.67¢ 30.33 32.83%  64.83 117.17°
Ts 72.33¢ 112.33%¢ 117.33¢de 132.33% 141.00° 35.00 35.33*  60.37 112.33¢
T, 87.00° 107.00¢ 130.33 136.33° 162.00° 30.33 43.17® 5991 107.00¢
LSD (0.05) 8.39 6.35 7.26 4.96 9.39 11.45 12.07 14.28 6.35
SEm(+) 2.72 2.06 2.35 1.61 3.04 3.71 3.91 4.63 2.06
F-probablllty sk sksksk sk sheskeosk skskesk ns * ns sksksk
CV (%) 5.86 3.19 3.35 2.12 3.83 20.67 19.33 12.94 3.19
Grand Mean 80.52 111.80 121.61 131.52 137.85 31.14 35.09 62.04 111.80

Note: Means with the same letter within a column do not differ significantly at p=0.05 by DMRT. *= Significant at 5% (p<0.05), **=
Significant at 1% (p<0.01), ***= Significant at 0.1% (p<0.001), ns= non-significant, SEm= Standard error of the mean, LSD= Least
Significant Difference, CV= Coefficient of variance, DAT= Days after treatment
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At 30 DAT, canopy cover was significantly affected by the application of different concentrations of GAj3 and
NAA. The mean canopy cover was 111.80 cm. The maximum canopy cover was recorded from GA3 at 100 ppm
(124.67 cm) which was statistically at par with GA3z at 50 ppm (118.83 cm). GA3 at higher concentration leads to
leaf expansion which helps to spread plants. This similar work was presented by Dev et al. (2020) who reported
that maximum canopy cover would be obtained with the treatment of highest dose of GA3. GA3 at 75 ppm (107.33
cm), NAA at 75 ppm (112.33 cm) and NAA at 100 ppm (107 cm) showed the similar effect on canopy cover
whereas the minimum canopy cover was observed from control treatment (95.33 cm).

3.2 Yield parameters

3.2.1 Number of inflorescences

The analyzed data revealed that the number of inflorescences was significantly influenced by the application of
different concentrations of GA3 and NAA (Table 3). The mean number of inflorescences was found to be 127.04.
The higher number of inflorescences was found from GA3 at 100 ppm (140) which was statistically similar to GA3
at 75 ppm (134.67) and NAA at 100 ppm (136). Similarly, GA3 at 75 ppm and NAA at 100 ppm showed the
similar effects which was statistically similar with GA3z at 50 ppm (131). The lower number of inflorescences was
observed in control treatment (104.67) as usual like in other parameters.

3.2.2 Number of pods per inflorescence

The analyzed data revealed that the number of pods per inflorescence was significantly influenced by the
application of different concentrations of GA; and NAA (Table 3). The mean number of pods per inflorescence
was found to be 15.99. When the data for the number of pods per inflorescence parameter were analyzed, the best
results were given by the application of GA3 at 50 ppm (22.19) followed by GA3 at 100 ppm (17.10) and NAA at
100 ppm (16.67). Even though the GAs at 100 ppm and NAA at 100 ppm treatment statistically mirrored each
other, the effect of GA3 at 100 ppm gave the maximum number of pods per inflorescence. GA3z at 75 ppm (14.37)
showed the intermediate effect which was statistically similar with NAA at 50 ppm (15.55) and NAA at 75 ppm
(14.05). Number of pods per inflorescence was found lower in control treatment (12).

3.2.3 Number of seeds per pod

The analyzed data revealed that the number of seeds per pod was significantly influenced by the application of
different concentrations of GA3 and NAA (Table 3). The mean number of seeds per pod was found to be 23.
When the data for the number of seeds per pod parameter were analyzed, the best results were given by the
application of GAs at 50 ppm (24.67) which was statistically at par with GA3z at 75 ppm (23.33) and GA3 at 100
ppm (24). All NAA treatments with concentrations 50 ppm (22.67), 75 ppm (22.33) and 100 ppm (22.33) gave the
similar results. Although they gave the similar results, NAA at 50 ppm gave the higher seeds per pod. GA3 at 75
ppm gave the intermediate effects of all i.e. 23.33. The number of seeds per pod was found lower in control
treatment (21.67) as usual.

3.2.4 Thousand grain weight (TGW)

The analyzed data revealed that the Thousand Grain Weight (TGW) was significantly influenced by the
application of different concentrations of GA3 and NAA (Table 3). When the data for the Thousand Grain Weight
(TGW) parameter were analyzed, the best results were given by the application of GA3z at 50 ppm (1.17 g) and
GAj3 at 100 ppm (1.28 g). Even though the GA3 at 50 ppm and GA3 at 100 ppm treatment statistically mirrored
each other, the effect of GA3 at 100 ppm was greater than the effect of GA3z at 50 ppm. The lowest Thousand
Grain Weight (TGW) was recorded from the control treatment (1.17 g) and from NAA at 50 ppm (1.17 g).

3.2.5 Seed yield

The analyzed data revealed that the seed yield was significantly influenced by the application of different
concentrations of GAz and NAA (Table 3). When the data for the seed yield were analyzed, the best results were
given by the application of GAs at 50 ppm (2.91 t/ha) followed by NAA at 100 ppm (2.53 t/ha) which was
statistically similar with GA3 at 100 ppm (2.68 t/ha). NAA at 75 ppm (1.82 t/ha) was statistically at par with NAA
at 50 ppm. The control treatment gave the lowest seed yield (1.48 t/ha) like other parameters which was expected.
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Table 3 Effect of different concentrations of GA3 and NAA on yield parameters of cabbage at THDC, Marpha, Mustang, 2024

Treatments  Number of inflorescences Number of pods per inflorescence Number of seeds per pod TGW (g) Yield (t/ha)

T 104.67¢ 12.004 21.67¢ 1.17e 1.48¢
T2 131° 22.19* 24.67 1.272 2912
T 134.67% 14.37¢ 23.33abe 1.21¢ 2.21¢
Ty 1402 17.10° 24.00% 1.282 2.68%
Ts 1184 15.55b¢ 22.67% 1.17¢ 1.65%
Ts 125¢ 14.05¢ 22.33b¢ 1.19¢ 1.82¢
T, 136% 16.67° 22.33b 1.24° 2.53%
LSD (0.05) 5.73 2.11 1.60 0.01 0.22
SEm(+) 1.86 0.68 0.51 0.005 0.07
F_probability sksksk sksksk * kokok kokok
CV (%) 2.53 7.43 3.91 0.81 5.83
Grand Mean 127.04 15.99 23 1.21 2.18

Note: Means with the same letter within a column do not differ significantly at p=0.05 by DMRT. *= Significant at 5% (p<0.05), **=
Significant at 1% (p<0.01), ***= Significant at 0.1% (p<0.001), ns= non-significant, SEm= Standard error of the mean, LSD= Least
Significant Difference, CV= Coefficient of variance, DAT= Days after treatment

4 Discussion

The growth and yield parameters of cabbage were significantly affected by the application of different
concentrations of GA3 and NAA. Notably, GA3 at 50 ppm produced the highest seed yield (2.91 t/ha) and also
resulted in superior performance across several traits, including peduncle height, number of leaves, pods per
inflorescence and seeds per pod. Similar findings were reported by Roy and Nasiruddin (2011) who observed
maximum cabbage yield at 50 ppm, suggesting that moderate concentrations of gibberellin are more effective than
higher doses for optimizing plant productivity. Likewise, Kumar et al. (2023) reported the highest leaf number in
plants treated with GA3 at 50 ppm and the lowest in the control treatment which is in agreement with the findings
of the present study. The enhanced leaf production observed under GAs application may be attributed to its
stimulatory effect on the apical meristem, promoting cell division, cell elongation and nucleo-protein synthesis
thereby increasing leaf initiation and development.

Furthermore, GA3 at 50 ppm significantly increased the number of inflorescences, pods per inflorescence and
seeds per pod, aligning with the findings of Dev et al. (2020). This suggests that a lower concentration of GA3
enhances growth and seed yield more effectively than higher doses, which is consistent with the observation by
Moniruzzaman et al. (2019) and Prodhan et al. (2022) that excessive GA3 can induce disproportionate vegetative
growth or physiological stress, ultimately reducing reproductive output.

NAA treatments also improved growth and yield parameters compared with the control, particularly at 100 ppm,
which produced seed yield statistically comparable to GAs at 100 ppm. Auxins such as NAA are known to
enhance cell enlargement, nutrient translocation and sink strength thereby supporting reproductive growth and
seed formation. However, the overall response of cabbage to NAA was lower than that observed for GA3
indicating that gibberellin played a more dominant role in regulating flowering and seed yield under the
environmental conditions of Mustang. Similar positive effects of NAA on cabbage growth and yield have been
reported by Neelam et al. (2023).

From a practical perspective, the findings indicate that foliar application of GA3z at 50 ppm during head initiation
and flowering can be recommended as an effective strategy for improving cabbage seed production in temperate
regions of Nepal. Nevertheless, the study was conducted at a single location during one growing season.
Therefore, further multi-location and multi-year studies are necessary to validate these findings under varying
environmental conditions. Further investigations should also examine physiological and biochemical responses
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associated with plant growth regulator application to better understand the mechanisms responsible for enhanced
seed yield.

5 Conclusion

On the basis of the above findings, it can be concluded that different concentrations of GA3 and NAA has
significant effect on growth parameters like peduncle height, number of leaves, number of branches, canopy cover
and yield parameters like number of inflorescences, number of pods per inflorescence, number of seeds per pod,
Thousand Grain Weight (TGW) and seed yield per plant.

GA3 at different ppm has shown more effect than NAA at different concentrations whereas the control treatment
has the least effect in all measured parameters above. GAs at 50 ppm has given the best result in maximum
parameters like plant height, leaf number, number of pods per inflorescence, TGW and seed yield per plant.
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Abstract The peach industry is currently facing pressure to stabilize yield, improve quality, save water and fertilizer, reduce costs,
and increase efficiency. Water and mineral nutrient management has therefore become a key factor affecting high-yield and
high-quality peach cultivation. This study analyzes peach water requirements, nitrogen, phosphorus, and potassium supply, deficit
irrigation, and coordinated water-fertilizer regulation. The results show that appropriate nitrogen supply, balanced phosphorus and
potassium ratios, and supplementation with micronutrients such as calcium, boron, and zinc can promote flowering, fruit set, fruit
enlargement, and quality formation. Measures such as drip irrigation, integrated water and fertilizer management, regulated deficit
irrigation, and partial root-zone drying can improve water use efficiency, enhance soluble solids, firmness, sugar-acid ratio, and
mineral nutrient content, while reducing fertilizer loss and environmental risks. The study indicates that high-yield peach cultivation
should be precisely regulated according to tree demand, soil nutrient supply, and phenological stages. Establishing an integrated
water and fertilizer management system that combines water saving, fertilizer saving, high yield, superior quality, and ecological
safety is of great significance for promoting the green and sustainable development of the peach industry.

Keywords Peach tree; High-yield cultivation; Integrated water and fertilizer management; Drip irrigation; Fruit quality

1 Introduction

Peach is one of the most important temperate fruit trees in the world and occupies a prominent position in global
temperate fruit production, ranking second only to apple in terms of cultivation area and yield (Kumar and Kaur,
2021; Manganaris et al., 2022). In countries such as Spain, Tunisia, Egypt, the United States, and Ethiopia,
large-scale commercial peach production has been established, providing important support for farmers’ income
and rural economies (Iglesias and Echeverria, 2022; Toumi et al., 2022). Peach trees enter the fruiting stage
relatively early and have high yield potential per unit area. Under proper management, they can generate favorable
economic returns, which has made them highly valued by growers for a long time (Kumar and Kaur, 2021).
However, in recent years, affected by rising labor costs, declining grower profits, and intensified market
competition in some major production areas, the peach industry has faced the dual pressure of stabilizing yield
and improving quality while reducing costs and increasing efficiency (Manganaris et al., 2022). Consumers’
requirements for fruit size, firmness, flavor, color, and nutritional quality are also increasing. Unstable fruit
quality can directly affect peach consumption and the profitability of the industry (Anthony and Minas, 2021;
Manganaris et al., 2022).

In high-yield peach cultivation, water and mineral nutrition are key factors affecting tree growth, fruit set, fruit
enlargement, and quality formation. Insufficient nitrogen supply can weaken root growth, flower bud quality, and
nutrient absorption capacity, thereby affecting yield. In contrast, excessive nitrogen application may lead to
excessive vegetative growth, reduced fruit quality, increased disease risk, and nutrient loss (Nava et al., 2022).
Phosphorus and potassium are associated with flowering and fruit set, sugar transport, fruit weight formation, and
stress resistance. Therefore, an appropriate nitrogen, phosphorus, and potassium ratio is an important basis for
achieving high yield and superior quality in peach production (Zayan et al., 2016; Dbara et al., 2018). Field
studies have shown that appropriate fertilization at key stages such as budbreak, flowering, and fruit development
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can increase yield per tree and improve fruit size, soluble solids content, color, and phenolic composition.
However, excessive phosphorus application may be unfavorable for sugar accumulation (Maatallah et al., 2024).
Excessive fertilization also increases production costs and the risk of environmental pollution. Therefore,
optimizing fertilization rate, application timing, and internal nutrient balance of trees has become an important
direction in peach orchard management (Casamali et al., 2021a; Nava et al., 2022; Mosie et al., 2025).

Irrigation management also determines peach yield and quality, especially in semi-arid and arid regions and areas
with limited water resources (Pascual et al., 2016; Toumi et al., 2022). Supplemental irrigation can promote
canopy growth, trunk thickening, photosynthesis, and early yield formation, with more pronounced effects in dry
years (Fisk et al., 2015; Casamali et al., 2021a). However, severe water stress during the later stage of fruit
development can reduce fruit size, quality, and economic returns (Fisk et al., 2015). Zhou et al. (2017) showed
that moderate deficit irrigation can maintain yield while improving individual fruit weight, soluble solids content,
vitamin C content, firmness, sugar-acid ratio, and water use efficiency. In arid regions of Tunisia, sustained deficit
irrigation and partial root-zone drying treatments also improved fruit dry matter, sugars, phenolics, and mineral
element contents (Toumi et al., 2022). A meta-analysis further indicated that regulated deficit irrigation generally
helps improve water use efficiency in peach trees, while yield losses are usually within a controllable range (Ali et
al., 2024).

With the development of high-density cultivation, dwarf tree forms, mechanized management, and increasing
water constraints under climate change, traditional fertilization and irrigation practices can no longer fully meet
the needs of modern peach orchards for high yield and high quality (Anthony and Minas, 2021; Iglesias and
Echeverria, 2022). Integrated water and fertilizer management combines water supply and fertilizer application
through drip irrigation, micro-sprinkler irrigation, and other approaches. It enables synchronized, small-dose,
repeated, and precise water and nutrient supply during key growth stages, helping improve water and nutrient use
efficiency while reducing input waste and environmental risks.

This study focuses on water management, nitrogen, phosphorus, and potassium nutrient supply, and the
coordinated regulation of deficit irrigation and fertilization in peach trees. It aims to provide technical references
for stable yield, high productivity, superior quality, and sustainable management of peach orchards.

2 Physiological Basis of Peach Yield Formation

2.1 Flowering, fruit set, and fruit development

High yields and good fruit size are associated with balanced NPK supply, with peak N demand around flowering
and fruit set (Figure 1). In commercial orchards, NPK supply regimes that emphasized relatively high N during S2
(flowering/fruit set) produced the highest yields (50-68 kg/tree) and supported later fruit size and quality
(Maatallah et al., 2024). N is a key macronutrient for leaf development, photosynthetic capacity, and sugar
formation, and peak N demand in stone fruits occurs at bud break, flowering, and fruit set (Chawla and Sharma,
2025). Inadequate N reduces flower bud quality and effective fruiting, and also impairs root growth and water and
nutrient uptake (Nava et al., 2022).

Peach fruit development proceeds through four stages (S1-S4), with rapid cell division and growth in S1, pit
hardening in S2, a second exponential growth phase in S3, and final ripening in S4 (Zhang et al., 2022). N supply
during pit hardening and fruit expansion directly affects yield, fruit quality, and metabolite composition,
particularly carbon and amino acid metabolism (Zhang et al., 2022). Excessive P supply, in contrast, can be
negatively correlated with total sugar content in the fruit (Maatallah et al., 2024).

During the rapid fruit expansion stage (S3/fruit expansion), water demand is high because fruit size increases
quickly and large amounts of carbohydrates are required (Zhang et al., 2022). Studies in semi-arid conditions
show that water deficit from mid—pit hardening to harvest significantly reduces shoot and fruit growth, with
growth more sensitive to water shortage than photosynthesis (Rahmati et al., 2015). As tree water status declines
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beyond a threshold (midday stem water potential around —1.5 MPa), daily net carbon gain becomes negative,
indicating that carbon assimilation no longer meets the respiratory and growth demands of shoots and fruits.
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requires stable water and hardening, nitrogen demand markedly increases water coloration, potassium
basal nutrient supply reaches a peak and potassium demand demand remains high

Figure 1 Changes in water and nutrient demand across peach fruit developmental stages (S1-S4)
Image caption: Peach trees show stage-dependent water and nutrient requirements, with nitrogen peaking at flowering and fruit set,
while water and potassium demand increase markedly during fruit enlargement and ripening stages

2.2 Source-sink relationship in peach trees

Leaf photosynthesis provides the primary carbohydrate source for developing fruits. N is central to leaf
development and photosynthetic capacity in stone fruits, supporting sugar and carbohydrate formation for fruit
growth (Chawla and Sharma, 2025). Water deficit reduces leaf photosynthesis by decreasing stomatal
conductance and by reducing total leaf area, thereby lowering whole-tree carbon assimilation (Rahmati et al.,
2015). Altering the source-sink ratio through thinning (reducing fruit number per leaf area) can transiently
decrease photosynthesis and cause sugar accumulation in leaves, indicating feedback limitation when sink demand
is low (Andrade et al., 2019). Application of 5-aminolevulinic acid (ALA) can enhance leaf photosynthetic gas
exchange capacity for at least one month and enlarge “source” volume, increasing carbon fixation in leaves (Liang
et al., 2023). Fruit sink strength—its capacity to import and utilize assimilates—depends on both sink size and
activity. A realistic estimate of sink strength is the sum of carbon gained as dry weight plus carbon lost through
respiration, with net sink strength determined by the product of sink size and sink activity (Bianco and Rieger,
2002).

In peach, both sorbitol and sucrose are major forms of translocated carbon, and their contents in fruit correlate
positively with growth rate; enzyme activities involved in their metabolism are closely associated with sink
strength across developmental stages (Bianco and Rieger, 2002). Under conditions of high crop load or limited
assimilate availability, acid invertase activity and hexose:sucrose ratios increase, which can enhance fruit sink
strength by raising hexose concentrations (Morandi et al., 2008). ALA treatments further strengthen fruit sink
competition by increasing the proportion of radiolabeled carbon transported from leaves to fruits and reducing
allocation to young leaves (Liang et al., 2023).
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At the whole-tree level, simple carbon balance models in water-stressed peach show that sinks (fruits and shoots)
demand carbon for growth and maintenance respiration, and once daily carbon assimilation falls below this
demand, net carbon gain becomes negative and carbohydrate reserves in the trunk decline (Rahmati et al., 2015).
This illustrates that fruit set and final yield are constrained not only by local fruit sink strength but also by
whole-tree carbon balance under the prevailing irrigation regime.

2.3 Root growth and resource uptake

Root distribution and nutrient absorption capacity strongly influence how trees exploit soil water and nutrients.
Peach rootstocks differ in their efficiency for N, P, and K uptake, transport, and use; rootstocks with greater
efficiency in nutrient transport and use show superior growth parameters, indicating better adaptation to low
nutrient availability (Menegatti et al., 2021). In ‘Okinawa Roxo’ rootstock, complete nutrient solutions that
optimize N, P, and K contents promote strong root growth, better dry-weight partitioning, and
morphophysiological characteristics suitable for grafting within three months (Souza et al., 2019).

Root system architecture (depth and angle) varies among peach x (peach x almond) backcross populations; deeper,
more vigorous root systems with narrower angles are better able to explore and exploit water and nutrients in deep
sandy soils (Lesmes-Vesga et al., 2023). Soil moisture and root-zone conditions directly affect root activity and
water/nutrient uptake. Increasing soil water content and N supply raises leaf area and leaf, shoot, and root
hydraulic conductivities in peach seedlings, improving water transport and growth under low soil moisture (Zhang
et al., 2014). Conversely, severe water deficit in orchards reduces root length density by about 73% compared
with well-irrigated trees, while partial rootzone drying reduces root length by about 42%, indicating that
continuous deficit irrigation imposes stronger constraints on root system development than alternated wet—dry
zones (Abrisqueta et al., 2008).

Roots are concentrated mainly in the upper 0.55 m of soil, especially at 0.40-0.55 m depth, with more than 88% of
roots being very thin (<0.5 mm), highlighting the importance of maintaining moisture and nutrients in this zone
(Abrisqueta et al., 2008). Root-zone aeration can further enhance root activity and nutrient availability. In a peach
orchard, aeration increased soil oxygen, raised the abundances of N-fixing and K-solubilizing microorganisms,
and increased soil alkaline N, available K, organic matter, and numbers and thickness of new white roots (Sun et
al., 2022b). These changes also altered plant N and K status and increased the shoot K:N ratio, which was
associated with improved fruit quality (Sun et al., 2022a). Soil management practices, including cover crops and
bare soil strips, influence root growth, tree water use, and NO3-N availability in adjacent soil; tree growth is
allometrically related to root growth under these heterogeneous soil conditions.

3 Nutritional Strategies for High-Yield Peach Production

3.1 Macronutrient management

Nitrogen is the primary driver of shoot growth, leaf area development, and fruit sink strength. In peach, an annual
N supply is required due to its mobility and leaching risk, with early-season soil applications commonly
recommended to stimulate spring shoot growth and blossom development and to support ovary growth and fruit
set (Tsoumanis et al., 2025). Nitrogen fertilization directly affects yield and fruit quality, but both deficiency and
excess are detrimental: low N reduces flower bud quality, root growth, and fruiting capacity, whereas excessive N
promotes vegetative overgrowth, lowers fruit quality, and increases disease incidence (Nava et al., 2022).

Field studies show that moderate N rates (around 200 kg N/ha) can maximize yield without sacrificing quality,
and that the timing of N application (e.g., pit hardening vs. fruit expansion) significantly influences yield, leaf N
status, and quality traits (Zhang et al., 2022). Integrated omics analyses further indicate that pre-harvest N
modifies carbon and amino-acid metabolism and flavonoid biosynthesis, helping to explain stage-specific effects
on fruit growth and quality.

Phosphorus and potassium act mainly on flowering, fruit growth, and sugar accumulation. P, N, and K together
are essential macronutrients for Rosaceae fruit yield and quality, affecting fruit development and postharvest
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performance (Bai et al., 2021). In commercial orchards, combinations of N-P-K adjusted by phenological stage
have been shown to increase total yield and improve fruit size, weight, and soluble solids, particularly when N is
emphasized around flowering and K during fruit development and ripening (Maatallah et al., 2024). However,
high P supply can be negatively correlated with total sugar content, underscoring the need for balanced P inputs.
(Maatallah et al., 2024). Foliar potassium (often combined with silicon) additionally enhances sugar translocation,
coloration, soluble solids, firmness, and postharvest quality when applied at fruit set, stone hardening, and
physiological maturity (Abidi et al., 2023).

3.2 Micronutrient supplementation

Calcium, boron, and zinc play crucial roles in fruit set, structural integrity, and quality formation. Soil and foliar
Ca supply influences cell wall strength and postharvest behavior across Rosaceae fruits (Bai et al., 2021). In
peaches and nectarines, foliar Ca applications increase fruit Ca content, especially when applied in late fruit
development, with Ca retained mainly in the flesh and skin, which are critical for eating quality and shelf life
(Carrasco-Cuello et al., 2024).

Boron is indispensable for cell wall formation, flowering, and fruit set; its imbalance reduces pollination success,
fruit set, yield, and quality, and can increase acidity and physiological disorders (Thakur et al., 2023). Foliar B or
Zn sprays in peach increase fruit set, yield, and quality traits such as TSS, TSS:acidity ratio, ascorbic acid, and
firmness, while raising leaf B and Zn concentrations (Ali et al., 2019b; Muradi and Godara, 2020).

Deficiency symptoms of these micronutrients can manifest as poor flowering, low fruit set, small or deformed
fruits, and increased physiological disorders. Boron deficiency is highlighted as one of the most widespread
trace-element problems, producing a wide range of symptoms in young tissues and substantially reducing yield
and quality (Thakur et al., 2023). In soil-based surveys of peach orchards, available B and Ca strongly influence
single fruit weight and soluble solids, emphasizing the importance of maintaining adequate levels to avoid hidden
deficiencies (Sun et al., 2022a). Foliar fertilization is generally considered 10-20 times more efficient than soil
application for correcting micronutrient deficiencies in fruit trees, because it delivers nutrients directly to
metabolically active leaves and developing fruit (Muradi and Godara, 2020).

3.3 Fertilization methods and timing

Basal soil fertilization and in-season topdressing form the backbone of macronutrient supply in many peach
orchards. Early soil applications rich in N (often in 2-1-1 N:P:K ratios) before blossom are widely recommended
to support spring growth and flower initiation, followed by additional N (e.g., ammonium sulfate) at early fruit set
to sustain ovary growth and fruit retention (Tsoumanis et al., 2025). Multi-year trials combining intra-row spacing
with N-P-S blends show that intermediate spacing and moderate basal rates (e.g., 150 kg/ha) can maximize yield,
fruit weight, and economic return (Mosie et al., 2025).

Split N applications targeted to reproductive growth stages improve uptake and reduce environmental losses;
isotope tracing in high-input orchards reveals that only about one-third of applied N is taken up by the tree, with
substantial portions remaining in soil or lost to the environment, suggesting that total rates can be reduced by
about 30% while focusing on reproductive stages (Yang et al., 2024). Foliar fertilization during key growth stages
complements soil applications and allows rapid correction or strategic boosting of particular nutrients.

Foliar N-fixing biofertilizers applied at fruit appearance and full development can enhance chlorophyll content,
shoot growth, and fruit weight while decreasing reliance on synthetic N sources (Tsoumanis et al., 2025). Foliar K
(often as potassium-silicon) at fruit set, stone hardening, and maturity improves fruit weight, firmness, soluble
solids, titratable acidity, and postharvest resistance, illustrating the value of stage-specific sprays (Abidi et al.,
2023). Similarly, foliar B, Zn, and Fe sprays applied once or twice from early spring significantly increase yield,
fruit size, TSS, ascorbic acid, and leaf micronutrient content while reducing acidity, with double sprays
outperforming single applications (Ali et al., 2019a; Muradi and Godara, 2020).

176


http://hortherbpublisher.com/index.php/ijh

QL International Journal of Horticulture, 2026, Vol.16, No.3, 172-187
HodHerb Publisher® http://hortherbpublisher.com/index.php/ijh

4 Irrigation Strategies for Peach Yield Improvement

4.1 Water requirement at different growth stages

During flowering and young fruit development, avoiding severe water stress is essential for canopy growth,
carbon acquisition and early yield formation. In humid subtropical conditions, daily evapotranspiration of young
peach trees peaks during active shoot development, and accurate crop coefficients allow scheduling to avoid both
stress and over-irrigation (Zambrano-Vaca et al., 2020).

Field studies show that non-irrigated trees under drought have markedly reduced canopy volume, trunk growth,
leaf water potential and photosynthesis, with lower commercial yields than irrigated trees, highlighting the
importance of supplying adequate water from establishment through early cropping (Casamali et al., 2021b).
Water requirements and sensitivity change as fruits enlarge and mature. Soil-water-potential thresholds for
triggering irrigation differ among stages: stem and fruit growth become progressively less sensitive to deficits
from stage I to III, and irrigation at moderate soil water potentials (around —10 to —17 kPa) promotes both fruit
growth and assimilate allocation to fruit (Lou et al., 2024).

Studies imposing water shortage at specific growth stages report that deficits from flowering to early growth
(stage I) cause the largest yield reductions, whereas moderate deficits during stone hardening or mid-season can
save 25%-50% of water with limited effects on yield and improved color and soluble solids (AboOgiela, 2021).

4.2 Irrigation methods in peach orchards

Modern orchards commonly use drip or micro-sprinkler irrigation. In young trees under variable rainfall,
irrigation-regardless of method-improves water status, growth, and early yield compared with rainfed conditions,
while drip uses substantially less water than micro-sprinklers. A related study on nitrogen partitioning likewise
found higher cumulative N removal (reflecting greater growth) in irrigated than in non-irrigated trees, and ~38%
water savings with drip versus micro-sprinkler irrigation (Casamali et al., 2021b).

Long-term comparisons including furrow (flood-type) irrigation indicate that drip and micro-sprinkler systems can
match yields with less water and fewer quality penalties. Over 10 years, postharvest deficit irrigation under furrow,
drip, or micro-sprinkler saved up to 40% water without significant reductions in yield or key quality attributes;
surface drip in particular maintained soil water better than furrow and micro-spray under deficit conditions (Zhang
et al., 2017; Wang et al., 2020). Broader meta-analysis across crops confirms that drip typically produces higher
yields and water-use efficiency than flood, border, furrow, sprinkler, and even micro-sprinkler irrigation,
especially under water shortage (Yang et al., 2023).

4.3 Deficit irrigation and water-saving approaches

Regulated deficit irrigation (RDI) and related strategies deliberately apply less than full crop evapotranspiration
during periods when trees are less sensitive, aiming to balance yield and quality. In semi-arid Spain, sustained
deficit (=62.5% of full) and RDI (50% during stone hardening) often produced fruit yields similar to full irrigation,
with only modest reductions in average fruit weight but higher soluble solids and sugar/acid ratios, suggesting
improved commercial quality with water savings (Faci et al., 2014).

In Morocco, RDI at 75% ETc during slowdown stages allowed water savings of up to 25% in peach without yield
loss, while 50% ETc reduced yield and size but enhanced sugar/acid ratio and polyphenols (Razouk et al., 2020).
RDI scheduled by stem-water-potential thresholds (1.5 to —1.8 MPa) cut water use by 43%-65% without
affecting fruit size or yield and even slightly improved quality (Miras-Avalos et al., 2016). A broader review and
case study in Morocco reported that sustained deficit irrigation of peach reduced water use by 20% without
affecting yield or quality and increased water productivity by 33% (Laita et al., 2024).

Partial root-zone drying (PRD), through alternating irrigation on both sides of the root system, can further
improve water-saving efficiency and enhance fruit quality. In arid regions of Tunisia, deficit irrigation and partial
root-zone drying at 50% ETc increased fruit dry matter content, firmness, soluble solids, phenolic compounds,
and mineral element concentrations, thereby enhancing market value while reducing water use by half (Toumi et
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al., 2022). Deficit irrigation and partial root-zone drying can save 48%-52% of water. Although yield losses are
approximately 25%, water productivity is improved, making these strategies highly attractive in areas facing
severe water scarcity. A study in Tunisia using saline drip irrigation found that deficit irrigation at 50% ETc and
PRD50 produced similar results, with yield reductions of 20%-25%. However, long-term soil salinity remained
stable, and significant water savings were achieved, supporting the application of these practices in arid and
salinized environments (Toumi et al., 2024).

5 Interaction Between Nutrition and Irrigation

5.1 Water—nutrient coupling mechanisms

Soil moisture is fundamental because nutrients are dissolved in water and transported with soil solution flow to
the root surface, where they can be absorbed by trees. In sandy, coarse-textured soils typical of many peach
orchards, improving soil moisture in the root zone increases water availability and also enhances solubility and
accessibility of nitrogen, phosphate, and potassium (Hamza et al., 2025). Under drip irrigation, higher soil
moisture near emitters supports better root function and fertilizer uptake, while drier zones between emitters limit
nutrient movement and uptake.

Different irrigation regimes alter nutrient availability and use efficiency. In arid sandy soils, irrigation with
magnetized water increased root-zone moisture, improved soil chemical properties, and led to higher nitrogen,
phosphorus and potassium use efficiencies compared with non-magnetized water, indicating more effective
fertilizer uptake under improved water conditions (Hamza et al., 2025). Supplemental irrigation in young peach
orchards increases vegetative growth and total nitrogen removal compared with non-irrigated trees, reflecting
higher biomass and nutrient uptake under better water supply (Casamali et al., 2021b).

5.2 Fertigation technology in peach production

Fertigation—applying water-soluble fertilizers through drip systems—directly integrates fertilization and
irrigation in the active root zone (Figure 2). Drip irrigation is highlighted as highly efficient in delivering water to
roots and enabling precise fertigation that matches crop needs, reducing leaching losses and improving nutrient
use efficiency and yield compared with conventional methods (Sharma et al., 2024). Meta-analysis across Chinese
crops shows drip fertigation increases yield by about 12%, water productivity by 26%, and nitrogen use efficiency
by 34% compared with traditional surface irrigation plus broadcast fertilization, while reducing evapotranspiration
(Lietal., 2021).

Optimizing fertilizer concentration and irrigation frequency under drip fertigation is essential to balance high yield
with minimal nutrient losses. A review of nitrogen losses under drip systems identifies soil moisture, fertigation,
and irrigation regime as core factors controlling nitrate leaching and gaseous losses, and notes a shift from
focusing only on application amounts to integrated management of rates, methods, and timing (Wei et al., 2024).
In intensive fruit orchards, drip fertigation combined with plant hedgerows reduced total nitrogen and phosphorus
runoff losses by about 45% and 37% compared with conventional fertilization, while maintaining high fruit yields,
showing that concentrating nutrients in the wetted root zone and using vegetative barriers can both improve
efficiency and reduce pollution (Song et al., 2023).

5.3 Effects on yield and fruit quality

Interactions between irrigation and nutrition influence fruit size, weight, and yield per tree. Soil applications of
nitrogen, potassium, and calcium in a drip-irrigated sandy peach orchard increased yield and fruit weight versus
unfertilized controls; the best macronutrient combination nearly tripled yield from about 37-40 kg to 97-104 kg
per tree (Ali et al., 2019a). Mild deficit irrigation (75% ETc) in semi-arid China maintained total yield equal to
full irrigation (100% ETc) but produced fewer, larger fruits, effectively shifting assimilates to remaining fruit
under limited water (Zhou et al., 2017). Under stronger deficit irrigation in arid Tunisia, yields were not reported,
but deficit strategies (DI and PRD) at 50% ETc improved internal quality traits and increased mineral
concentrations in fruits, suggesting more concentrated uptake and allocation of nutrients under reduced water
(Toumi et al., 2022).
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Water-nutrient interactions also shape soluble solids, firmness, and appearance quality. In deficit-irrigated
orchards, fruits often show higher soluble solids and improved sugar:acid balance compared with fully irrigated
trees, as seen in semi-arid China where 75% ETc produced fruit with more soluble solids, vitamin C, firmer
texture, and better color than 100% ETc (Zhou et al., 2017). In arid Tunisia, sustained deficit irrigation and partial
root-zone drying increased dry-matter content, firmness (by 13%-15.5%), soluble solids (up to 14.3 °Brix),
glucose, phenolic compounds, and mineral nutrients, enhancing nutritional and commercial value (Toumi et al.,
2022).
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Potassium supply interacts with water regime: foliar K applied under full and deficit irrigation increased fruit size
and soluble solids, with the highest soluble solids observed in potassium-sprayed trees under deficit conditions
(100F+DI) (Dbara et al., 2018). In a fertilized, drip-irrigated sandy orchard, macronutrient applications increased
fruit length, diameter, firmness, total soluble solids, and total sugars compared with unfertilized trees, confirming
that adequate nutrition under efficient irrigation enhances both physical and internal quality attributes (Ali et al.,
2019b).

6 Orchard Management Practices Supporting Nutrition and Irrigation

6.1 Soil management and organic amendments

Organic amendments can support fertilizer and water efficiency in peach orchards by improving soil structure,
nutrient supply, and moisture buffering. In young orchards, annual applications of food-waste compost at 2x rate
(=20 t/ha pre-plant, then 10 t/ha annually) increased soil organic matter, phosphorus, and sodium in replant soils,
improved soil moisture during the growing season, and produced larger trees and higher early yields than the
unfertilized control, while allowing 80%-100% reduction of spring synthetic NPK inputs (Lawrence and Melgar,
2023). In bearing orchards, surface application of mixed compost (5-10 t/ha/yr) increased soil organic C and total
N, reduced bulk density and water-filled pore space, and slightly improved fruit quality without significantly
changing yield, indicating benefits for soil physical properties and carbon storage (Bruno et al., 2025).
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Organic manures and mulches also influence tree nutrition and water relations. Fertigating
slurry-composting-biofiltration liquid manure increased shoot growth, leaf N and K, soil exchangeable K, fruit
weight, and yield compared with mineral fertilization, though leaf Ca and Mg declined and K accumulation risk
required periodic soil testing (Park et al., 2013). Long-term compost or manure mulching in orchards more
broadly reduces bulk density, loosens soil, increases nutrient elements and organic content, and improves crop
yield and quality (Wang and Wang, 2016; Goldan et al., 2023). In mature peach orchards, municipal mulch with
or without poultry litter buffered soil water relative to bare soil, reduced soil Cu, increased soil P and, in some
cases, increased fruit size and tree growth, while enabling reductions in synthetic fertilizer inputs (Lawrence and
Melgar, 2024).

6.2 Canopy management and crop load regulation

Canopy training and pruning determine light distribution, labor efficiency, and the balance between vegetative
growth and fruiting. Traditional vase systems often show uneven light distribution and high pruning labor,
whereas planar or multi-axis systems (central leader, Catalan vase, Quad-V, Tri-V) in intensive orchards improve
light uniformity, fruit size, and soluble solids, while reducing total labor by up to 39% and production costs by
about 15% (Iglesias and Echeverria, 2022; Oran et al., 2024). Within a given system, shorter pruning (heading
bearing branches to 20-40 cm) reduced fruit number and yield per tree but increased average fruit weight and
diameter, illustrating the trade-off between total yield and size (Saraginovski and Kiprijanovski, 2021).

Crop load regulation through fruit thinning is critical for balancing yield and quality and for efficient water use. In
‘Xiahui 5°, thinning twice at 20 and 40 days after full bloom increased individual fruit weight (to ~186 g), yield
(=981 kg/ha), external and internal quality, and leaf water-use and COs-use efficiency, while saving labor
compared with blossom thinning plus fruit thinning (Zhang et al., 2024). In ‘Royal Gem’, combinations of fruit
thinning and summer pruning lowered total yield but significantly increased average fruit weight, firmness, and
diameter, again showing that reducing sink number enhances fruit size and market value (Lesicar et al., 2017).
Experiments with flat peaches confirm that higher crop loads increase total yield but reduce fruit weight and
circumference and lower soluble solids content, whereas lower loads favor fruit quality and antioxidant
compounds (Mazzoni et al., 2022).

6.3 Monitoring and diagnostic techniques

Leaf and soil diagnostics underpin rational fertilization that supports high yield without excess inputs. In peach
orchards amended with compost, leaf sampling at standardized times after full bloom is used to quantify total N, P,
K, Ca, Mg, and B, enabling evaluation of tree nutritional status under different compost rates and supporting
adjustment of applications (Melo et al., 2016). Organic-amended orchards also highlight the need for periodic soil
testing to detect nutrient accumulation (e.g., K under slurry manure fertigations) and guide safe long-term
management (Park et al., 2013; Lawrence and Melgar, 2024). More broadly, intelligent orchard nutrient diagnosis
is moving toward rapid, often spectral, detection of tree and soil nutrients combined with models to generate
cultivar- and stage-specific nutrient standards for precision fertilization (Yuan et al., 2024).

For irrigation, soil-moisture sensing and automated scheduling tools link water status to tree demand. Traditional
soil-based readings (TDR, capacitive sensors) and UAV imagery allow efficient monitoring of soil moisture,
evapotranspiration, and canopy status in tree crops, supporting precise irrigation decisions (Tirado-Corbala et al.,
2021). Capacitance probes, already used in best-management programs, can measure volumetric water and ion
content; they are especially sensitive to changes in K concentration and thus could feed decision-support systems
for both irrigation and nutrient management (Stroobosscher et al., 2024).

In drip-irrigated orchards, automated scheduling that combines FAO water-balance models with feedback from
capacitance soil-moisture sensors has been shown (in apples) to match lysimeter-measured evapotranspiration in
vigorous sectors while automatically reducing irrigation in less vigorous sectors, illustrating how sensor-driven
systems can adapt water supply to spatial variability within orchards (Dominguez-Nifio et al., 2020).
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7 Challenges and Optimization of High-Yield Peach Production

7.1 Problems in current nutrient management

Many peach orchards still rely on uniform, empirically based fertilizer programs that ignore variability in soils
and tree demand. In the southeastern United States, current N recommendations may be based on half-century-old
work, with growing concern about over-fertilization, imbalanced vegetative/reproductive growth, fertilizer runoff,
and inefficient use of financial resources (Casamali et al., 2021b). Excessive phosphorus use in perennial orchards
can create very low P use efficiency (=15%) and large P surpluses, shifting soil P to more labile forms and sharply
increasing the risk of P loss (Chen et al., 2022).

Low fertilizer-use efficiency is a major challenge in N management for peaches. Conventional high-N programs
in China result in low N absorption, substantial N leaching and gaseous losses, and elevated greenhouse gas
emissions (Xiao et al.,, 2019). In typical surface-broadcast systems, conventional management produced
considerable NH3 volatilization, N>O emissions, and runoff, alongside only moderate yields (Yang et al., 2023).
Spatial analyses in Brazilian orchards further show strong within-orchard variability of soil nutrients, yield, and
fruit quality, meaning uniform fertilization leads to over-application in some zones and under-application in others
(Oldoni et al., 2019).

7.2 Problems in current irrigation management

Integrated crop management has often been implemented only partially, with irrigation still applied empirically
and usually in excess, wasting water and energy and raising greenhouse gas emissions (Maletsika et al., 2022).
Energy-use analysis in Greek canning peaches identified irrigation as the single largest energy consumer and the
practice with the highest impact on GHG emissions, mainly through electricity and fuel use (Maletsika et al.,
2022).

Conversely, many new orchards elsewhere are not irrigated for several years after planting and depend solely on
rainfall, leaving trees vulnerable to the increasingly frequent droughts (Casamali et al., 2021b). Under severe
drought, non-irrigated young trees showed 56% smaller canopy volume, 39% smaller trunk cross-sectional area,
40% lower leaf photosynthesis, and reduced commercial yield compared with irrigated trees, with negative effects
persisting in subsequent years. In arid Tunisia, cutting irrigation to 50% ETc caused 20%-25% yield losses in
mature orchards, underscoring the risk of unplanned, severe water cuts (Toumi et al., 2024).

7.3 Integrated optimization strategies

Precision fertigation links water and nutrient supply to tree demand in space and time. Drip irrigation, by
delivering water directly to roots, provides an efficient platform for fertigation and precise matching of crop needs
(Sharma et al., 2024). In perennial orchards, applying fertilizers through drip (fertigation) increased peach and
apple yields and improved fruit quality compared with non-fertigated controls (Figure 3). Bag-controlled release
fertilizers and super-large granular slow-release humic acid fertilizers further synchronize N release with peach
growth stages, substantially increasing N use efficiency and reducing losses, while maintaining or increasing yield
and net economic benefit (Xiao et al., 2019; Yang et al., 2023).

Region-specific, spatially explicit management models are another key optimization pathway. In Brazil,
delineating two management zones in a 1.8-ha orchard based on soil and tree attributes creates opportunities for
site-specific fertilization to correct over- and under-application (Oldoni et al., 2019). Precision irrigation protocols
using thermal imagery and variable-rate drip at subfield scale in a commercial peach orchard maintained stem
water potential within target ranges and improved water productivity in responsive management cells, showing
the value of downscaling management within orchards (Katz et al., 2023). At a broader scale, deficit irrigation
case studies in Moroccan peaches demonstrate that sustained deficit can reduce water use by 20% without
affecting yield or quality and increase water productivity by 33%, though adoption is limited by conceptual
ambiguity and risk perceptions (Laita et al., 2024).
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Figure 3 Smart orchard management system for precision irrigation and fertilization

Image caption: This system integrates sensors, UAV remote sensing, an [oT platform, and an Al decision model to achieve real-time
monitoring, intelligent decision-making, automated execution, and feedback optimization of water and nutrient management in peach
orchards, thereby improving resource use efficiency and promoting stable yield and improved fruit quality

8 Conclusions and Future Perspectives

Based on existing studies, high-yield and high-quality peach cultivation cannot be achieved simply by increasing
fertilizer or irrigation inputs. Instead, it should be built on the coordinated regulation of water, nutrients, tree
growth, and environmental conditions. Nitrogen, phosphorus, and potassium are key factors affecting peach yield
and fruit quality, among which nitrogen regulation is particularly sensitive. Peach trees generally maintain better
yield and fruit quality when leaf nitrogen content remains within an appropriate range and when phosphorus and
potassium supplies are relatively balanced. If the interactions among nutrients are ignored, or if the influence of
nutrient reserves from the previous year on current-year growth is not considered, fertilization decisions may
become inaccurate, leading to nutrient imbalance, quality decline, or resource waste. Therefore, integrated water
and fertilizer management in peach cultivation should shift from experience-based fertilization to precise
regulation based on tree demand, soil nutrient supply, and target yield.

Under the background of climate change and water scarcity, irrigation optimization is of great significance for
maintaining stable peach production. Proper water supply in young orchards is beneficial for canopy formation
and later yield improvement. In mature orchards, techniques such as drip irrigation, regulated deficit irrigation,
and partial root-zone drying can reduce water consumption while maintaining relatively stable yield. Integrated
drip irrigation and fertilization can synchronously deliver water and nutrients to the active root zone, thereby
improving water use efficiency and fertilizer uptake efficiency while reducing evaporation, deep percolation, and
nutrient loss. This indicates that water management and nutrient management in peach cultivation should not be
treated separately. Only through water-fertilizer coordination can resource use efficiency be improved.

In the future, peach water and fertilizer management will further develop toward intelligent and digitalized
systems. Technologies such as thermal imaging, crop water stress index, stem water potential monitoring, satellite
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multispectral data, and Internet of Things sensors can be used to evaluate tree water status and guide precise
irrigation. Machine learning models can integrate meteorological, soil, tree, and remote sensing data to predict
water demand, nutrient status, and changes in yield and fruit quality, thereby providing decision support for
orchard management. Future research should strengthen the integration of sensor data, water-fertilizer
management records, and nutrient diagnosis models, and develop peach-specific management tools suitable for
different production regions, tree ages, and soil types.

From the perspective of production application, efficient peach cultivation should take integrated drip irrigation
and fertilization as the core, combined with regulated deficit irrigation, soil mulching, microclimate regulation,
and precise fertilization. The key is not to apply more water and fertilizer, but to ensure that water and nutrients
are absorbed and utilized by trees at the appropriate time, location, and ratio. Future studies should also pay
attention to soil salinity accumulation, microbial changes, nutrient residues, and environmental impacts under
long-term application. A water and fertilizer integrated management system that balances high yield, high quality,
water saving, fertilizer saving, and ecological safety should be gradually established, so as to promote the peach
industry toward green and sustainable development.
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Abstract Sweet cherry fruit are prone to softening, water loss, cracking, and decay after harvest, resulting in a short shelf life. Fruit
firmness and storability directly affect commercial grading and market value. This study analyzes the improvement of sweet cherry
fruit firmness and storage quality through nutrient management, focusing on the effects of key nutrients such as calcium, potassium,
magnesium, and boron on cell wall stability, membrane integrity, and postharvest senescence, and proposes practical management
strategies for production. The results indicate that calcium is the core element for maintaining fruit firmness and delaying softening.
It can enhance calcium-pectate cross-linking, stabilize cell wall and membrane structures, and reduce the risks of cracking, decay,
and weight loss. However, calcium uptake is restricted by fruit developmental stage, declining xylem function, and cultivar
differences. Potassium promotes fruit enlargement, sugar accumulation, and ripening, but excessive application may increase the
K:Ca ratio and weaken firmness retention. Magnesium improves fruit quality mainly by promoting photosynthesis and carbon
assimilation, while boron participates in cell wall formation, fruit set, and calcium distribution. This study suggests that
supplementation with a single nutrient is unlikely to consistently improve the storability of sweet cherry fruit. A stage-specific
nutrient management model integrating early calcium supply, boron supplementation at flowering, moderate potassium and
magnesium regulation, nitrogen control, and postharvest calcium treatment should therefore be established.

Keywords Sweet cherry (Prunus avium L.); Nutrient management; Fruit firmness; Calcium management; Shelf life; Postharvest
preservation

1 Introduction

Sweet cherry (Prunus avium L.) is an important high-value horticultural crop with strong commercial relevance in
the fresh-fruit market. Consumers generally evaluate its quality according to fruit appearance, flavor, texture, and
nutritional value, among which fruit size, color, firmness, and freshness directly affect market grading and selling
price (Correia et al., 2017; Colak et al., 2025). Because sweet cherry has a concentrated harvest period, a short
shelf life, and high requirements for maintaining class I fruit quality during distribution, its commercial
competitiveness depends not only on yield but also on the stability of fruit quality during picking, grading,
packaging, storage, and transportation (Ivanova et al., 2023). However, sweet cherry is a typical highly perishable
fresh fruit. After harvest, it is prone to flesh softening, water loss, decay, and mechanical injury, which shorten
shelf life and restrict long-distance transportation (Chockchaisawasdee et al., 2016; Colak et al., 2025). Among
these quality attributes, fruit firmness is particularly important. Firmer fruit can better withstand external damage
during postharvest handling and logistics, while also meeting consumer demand for a crisp and tender texture
(Blanco et al., 2021). Previous studies have shown that cherry firmness usually decreases continuously during
storage, accompanied by changes in acidity, soluble solids balance, and other quality indices, ultimately affecting
commercial life and market value (Blanco et al., 2021; Beinsan et al., 2025; Xing et al., 2025).

Sweet cherry fruit have a short developmental period, usually requiring only 60—80 days from bloom to harvest.
During this stage, fruit compete strongly with vegetative organs such as leaves and shoots for carbohydrates and
mineral nutrients. Therefore, source—sink relationships and nutrient supply have important effects on final fruit
quality (Matteo et al., 2022; Santos et al., 2024). Appropriate crop load, sufficient assimilate supply, and suitable
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mineral nutrition levels help promote fruit enlargement, sugar and acid accumulation, and tissue structure
formation. In contrast, source limitation or nutrient imbalance during fruit development may lead to smaller fruit,
reduced flavor, and softer texture (Quiroz et al., 2023). Thus, nutrient management is not only related to tree
growth and yield formation, but also directly involved in fruit cell wall construction, membrane system stability,
and the development of postharvest resistance to deterioration.

Among the mineral elements affecting cherry firmness and storability, calcium, potassium, and magnesium have
received considerable attention. Calcium can bind to cell wall components such as pectin and cellulose, strengthen
cell wall stability, and participate in the regulation of membrane permeability and stress signaling. It is therefore
closely associated with flesh tissue rigidity and resistance to softening (Varaldo and Giacalone, 2025). Potassium
is one of the most abundant macronutrients in cherry fruit and is associated with fruit size, soluble solids, maturity
progression, and changes in firmness (Ates et al., 2022; Santos et al., 2024). Magnesium indirectly affects fruit
quality formation by participating in photosynthesis, carbon metabolism, and various enzymatic reactions. In
recent years, foliar nutrient application has been regarded as an important measure for rapidly regulating fruit
mineral composition, alleviating nutrient deficiencies under field conditions, and improving postharvest quality
(Santos et al., 2024).

Existing studies have shown that preharvest spraying or postharvest calcium treatment can, to some extent,
improve cherry firmness, reduce weight loss, decrease decay incidence, and alleviate pedicel shriveling. However,
these effects are often influenced by cultivar, environment, fruit developmental stage, and the efficiency of
calcium uptake and transport (Belge et al., 2017; Winkler and Knoche, 2019). Calcium supplementation during
early fruit development may be more favorable for calcium entry into the fruit and its participation in cell wall
structure formation. As fruit expand rapidly, however, declining calcium concentration and restricted late-stage
calcium import may weaken its regulatory effect (Matteo et al., 2022). The proportional relationship among
mineral elements should also not be overlooked. Studies have shown that fruit firmness is positively correlated
with calcium content but negatively correlated with K:Ca and N:Ca ratios, indicating that simply increasing the
supply of a single element does not necessarily lead to stable quality improvement (Blanco et al., 2021; Quiroz et
al., 2023). For example, potassium fertilization can help increase fruit weight, soluble solids, and some quality
attributes, but excessive potassium supply may also reduce fruit calcium and magnesium concentrations, thereby
affecting firmness retention (Ates et al., 2022). Preharvest treatments with nutritional or metabolic regulatory
functions, such as arginine and prohexadione-calcium, have also been reported to improve fruit firmness and
storage quality, further suggesting that preharvest nutritional physiology influences postharvest performance
(Pakkish and Mohammadrezakhani, 2022).

This study focuses on calcium, potassium, magnesium, and related nutrient regulation measures, and discusses
their effects on structural development, firmness retention, and postharvest longevity of cherry fruit. It further
explores practical strategies such as balanced fertilization, foliar nutrient supplementation, nutrient ratio
adjustment, and synchronized nutrient supply during critical developmental stages. By emphasizing multi-element
coordination and integrated preharvest—postharvest management, this study may provide a theoretical basis and
practical reference for improving cherry fruit firmness, reducing storage losses, and enhancing commercial value.

2 Physiological Basis of Cherry Firmness and Shelf Life

2.1 Formation of firmness

Cherry fruit firmness arises from the combined effects of cell wall strength, middle lamella adhesion, and cell
turgor (Figure 1). In fleshy fruits, firmness is determined by the mechanical properties of parenchyma cell walls
and the extent of adhesion between adjacent cells, with tissue strength declining when these properties are
modified during ripening (Posé et al., 2019; Wang et al., 2023). In sweet cherry, firmness is closely tied to
storability and resistance to mechanical injury during handling, which is why firmer fruit better tolerate packing
and transport (Correia et al., 2017; Matteo et al., 2022). Differences in mechanical behavior among cherry
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cultivars are also explained in part by physical and chemical differences in the cell wall, linking tissue mechanics
directly to wall composition (Matteo et al., 2022).

Determinants of firmness formation

Processes of postharvest softening and senescence
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Figure 1 Physiological mechanisms underlying firmness formation and postharvest softening in sweet cherry fruit

Image caption: Fruit firmness is mainly determined by cell wall strength, middle lamella adhesion, cell turgor, and membrane
integrity. During storage, cell wall-degrading enzymes promote pectin solubilization and polysaccharide disassembly, while
respiration, water loss, and membrane deterioration accelerate firmness loss and senescence

At the structural level, the primary cell wall consists mainly of cellulose microfibrils embedded in a matrix of
pectins and hemicelluloses, and this composite architecture underpins tissue rigidity (Hocking et al., 2016; Zhai et
al., 2021). Pectin, cellulose, and hemicellulose are the major wall polysaccharides that change during ripening and
softening (Guo et al., 2023; Wang et al., 2023). Pectin is especially important because it can account for a large
fraction of fruit wall mass and contributes strongly to intercellular adhesion through the middle lamella (Matteo et
al., 2022). Cellulose provides a comparatively stable structural scaffold, while hemicellulose helps connect the
wall matrix; in cherry and related fruits, higher cellulose and hemicellulose contents are associated with firmer
texture (Wang et al., 2023). Pectin solubilization and hemicellulose degradation appear to be especially important
in determining firmness differences between hard- and soft-fleshed cherry types (Posé et al., 2019).

2.2 Postharvest softening and senescence

Postharvest softening is a major determinant of shelf life because it is an irreversible ripening outcome that
reduces market quality after harvest (Zhai et al., 2021; Wang et al., 2025). The central mechanism is cell wall
disassembly. During ripening and storage, pectins and matrix glycans are depolymerized and solubilized, neutral
sugars are lost from pectin side chains, and intercellular adhesion weakens, which together increase cell separation
and reduce firmness (Posé et al., 2019). In cherries, softening is associated with increased activities of pectin
methylesterase, polygalacturonase, B-galactosidase, and related enzymes that damage cell wall components during
storage (Correia et al., 2017). Xyloglucan endotransglucosylase/hydrolases, expansins, cellulases, and
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polygalacturonases also participate in coordinated wall loosening by acting on hemicellulose, cellulose, and pectin
networks (Zhai et al., 2021; Su et al., 2023).

Softening during storage is also driven by respiration, water loss, and membrane deterioration. Sweet cherries
have a high respiration rate, and postharvest dehydration contributes directly to softening and senescence (Correia
et al., 2017; Colak et al., 2025). Weight loss rises substantially during cold storage as tissue moisture declines, and
this mass loss reflects the combined effects of water loss and respiration (Colak et al., 2025). Water loss is
aggravated by the fruit’s thin peel and depends partly on cuticle integrity, since the cuticle limits permeability,
infections, and firmness loss (Wang et al., 2025; Colak et al., 2025). Reduced turgor further accelerates texture
loss, and membrane deterioration during storage is reflected by higher malondialdehyde and relative conductivity,
both of which are reduced by calcium treatments (Wu et al., 2023; Wang et al., 2025).

2.3 Nutrient-dependent processes

Among nutrients, calcium has the clearest physiological role in maintaining firmness. Calcium cross-links
de-esterified homogalacturonan to form calcium-pectate gels, increasing wall stiffness and strengthening
cell-to-cell adhesion in the middle lamella (Guo et al., 2023). More broadly, calcium influences cell wall
properties, membrane stability, water relations, and ripening-related signaling, so low fruit calcium can promote
leaky membranes, irregular softening, and poorer storage behavior (Hocking et al., 2016). In sweet cherry,
calcium-treated fruit were firmer and showed lower weight loss and decay incidence during storage, while foliar
calcium also improved tissue rheological properties and reduced respiration (Belge et al., 2017; Matteo et al.,
2022; Michailidis et al., 2022). Calcium effects are partly explained by reduced wall degradation, since calcium
can inhibit pectin degradation and suppress the activity or expression of softening-related enzymes and genes
(Matteo et al., 2022). Calcium import into cherry fruit declines as development progresses because xylem
functionality is progressively lost, which helps explain why early-season calcium supply is often more effective
than late applications (Winkler et al., 2020; Matteo et al., 2022).

Potassium and carbohydrate status also shape fruit texture, but their effects are more conditional than those of
calcium. Carbohydrate availability during fruit development is required for high-quality sweet cherry, and altered
phloem transport can produce larger and sweeter fruit that are nevertheless softer when calcium concentration
declines and K:Ca and N:Ca ratios rise (Quiroz et al., 2023). Fruit firmness is positively related to calcium
concentration and negatively related to K:Ca and N:Ca ratios, indicating that nutrient balance matters as much as
absolute potassium supply. This is consistent with production studies showing that fruit grown under high tunnels
had lower calcium, higher K:Ca ratios, and lower firmness . At the same time, potassium fertilization can improve
firmness and nutrient content, and potassium is widely associated with fruit quality traits such as size, soluble
solids, and maturity (Winkler et al., 2020).

3 Key Nutrients Affecting Cherry Fruit Firmness

3.1 Calcium management for firmness enhancement

Calcium management is central to firmness enhancement because calcium accumulation in fruit is closely tied to
water delivery, apoplastic transport, and cell wall binding. Fruit calcium distribution depends strongly on water
flow and apoplasmic interactions, and localized deficiencies can arise from differences in xylem structure, water
relations, and pectin composition (Hocking et al., 2016). In sweet cherry, natural calcium concentration tends to
decline during fruit development, indicating that calcium import slows while ongoing fruit enlargement dilutes
accumulated calcium (Matteo et al., 2022). Foliar uptake remains possible after fruit set, but timing matters: early
applications are generally more effective because young fruit stomata are functional, whereas later uptake
increasingly occurs through the epidermis and the pedicel-fruit junction. Evidence from ‘Santina’ also suggests
that firmness increases as calcium mass per fruit rises to about 1.3 mg, after which additional calcium shows little
further firmness benefit, implying a threshold rather than a linear response (Blanco et al., 2021).
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Calcium enhances firmness primarily by strengthening the cell wall and limiting softening processes. Ca?*
cross-links pectic polymers, helps form cell wall networks, increases mechanical strength, and can restrict the
access of wall-degrading hydrolases (Hocking et al., 2016; Wu et al., 2023). In cherry systems, calcium treatments
consistently retard firmness loss and postharvest deterioration: calcium-treated ‘Celeste’ fruit were firmer and had
lower weight loss and decay than controls, while calcium-treated sweet cherries in cold storage maintained
firmness and showed lower respiration (Belge et al., 2017; Erbas and Koyuncu, 2021). Mechanistically,
exogenous calcium reduces the activity or expression of softening-related enzymes and genes, including pectin
methylesterase, polygalacturonase, cellulase, B-galactosidase, and expansin-associated pathways (Jaime-Guerrero
et al.,, 2024). Calcium also helps reduce cracking because stronger and less rupture-prone cell walls better
withstand excessive water uptake, and preharvest or postharvest calcium applications have been associated with
lower cracking incidence in cherries (Matteo et al., 2022; Varaldo and Giacalone, 2025).

3.2 Potassium and magnesium regulation

Potassium and magnesium regulate cherry quality through complementary effects on growth, carbohydrate
economy, and mineral balance. Potassium is the most abundant mineral element in sweet cherry fruit, often
exceeding 4 500 mg/kg, and functions as a major osmotic solute that supports cell expansion, stomatal activity,
photosynthesis, protein synthesis, and energy metabolism (Zhang et al., 2025). Because of these functions,
potassium is closely linked to fruit size and sugar movement; recent work describes it as vital for increasing fruit
size, soluble solids, color development, maturity advance, and yield (Erbas and Koyuncu, 2021). Foliar
potassium-based programs in sweet cherry have increased the proportion of marketable large fruit and improved
storage firmness, while broader fertilizer studies associate potassium application with increased fruit length, fruit
weight, and flesh firmness (Varaldo and Giacalone, 2025). However, potassium effects on firmness are not
independent of calcium status. In ‘Santina’, fruit firmness was negatively correlated with the K:Ca ratio, and fruit
grown under tunnels had both higher K:Ca and lower firmness, indicating that excessive potassium relative to
calcium can weaken the firmness advantage otherwise gained from growth promotion (Blanco et al., 2021).

Magnesium supports firmness more indirectly through its role in photosynthesis and assimilate supply.
Magnesium is a component of phytin, pectin, and many enzymes, and it contributes to the transport of both K*
and Ca?" within plant tissues (Zhang et al., 2025). It is also one of the principal characteristic mineral elements
identified in sweet cherry fruit and is required for secondary metabolism and overall plant function (Zhang et al.,
2025). By sustaining chlorophyll function, carbon assimilation, and carbohydrate production, magnesium helps
maintain the assimilate supply needed for fruit growth and compositional quality. Recent foliar nutrition studies
reported that magnesium treatments, particularly moderate-to-high rates, produced sweeter cherries and enhanced
color development, consistent with a role in supporting source activity and sugar accumulation (Sandilya et al.,
2023; Usmani et al., 2025). Even so, magnesium balance matters: the Mg:Ca ratio was negatively related to
firmness in ‘Santina’, which indicates that beneficial magnesium effects on plant physiology do not substitute for
adequate calcium in firm fruit tissues (Blanco et al., 2021).

3.3 Micronutrients related to tissue strength

Micronutrients contribute to tissue strength mainly through boron-mediated cell wall stabilization and through
zinc- and manganese-dependent enzyme systems. Boron is particularly important because most plant boron is
located in the cell wall, where it plays a major role in cell wall formation and mechanical strength (Thakur et al.,
2023; Alvarez-Herrera et al., 2025). Boron is also functionally linked with calcium. It interacts with calcium and
other nutrients, and boron deficiency can hinder calcium allocation to the tree canopy and edible fruit tissues
(Vera-Maldonado et al., 2024). More broadly, boron influences uptake, absorption, and accumulation processes
and is slightly mobile in the phloem, which helps explain why deficiency in rapidly growing tissues can disrupt
fruit quality (Thakur et al., 2023). In sweet cherry, preflowering boron application increased endogenous boron
content at early growth stages, improved fruit set, and promoted mesocarp cell enlargement, indicating that boron
supports structural fruit development from the start of the season (Michailidis et al., 2023). Boron also delays

192


http://hortherbpublisher.com/index.php/ijh

QL International Journal of Horticulture, 2026, Vol.16, No.3, 188-205
HodHerb Publisher® http://hortherbpublisher.com/index.php/ijh

softening by reducing cell wall enzyme activities and limiting the transfer of wall-bound boron away from
structural compartments, thereby helping maintain firmness during postharvest life (Alvarez-Herrera et al., 2025).

Zinc and manganese are less directly studied in cherry firmness than calcium or boron, but the available evidence
supports roles in enzyme activity, photosynthesis, and fruit development. Boron-centered reviews identify both Zn
and Mn among the essential micronutrients that interact with boron in plant nutritional networks, with the cell
wall acting as an important intermediary of these interactions (Long and Peng, 2023). Zn homeostasis is linked to
transporter regulation, root development, and optimized uptake, while Mn homeostasis is linked to transporter
regulation and chlorophyll production, which is essential for photosynthesis (Usmani et al., 2025). In sweet cherry
fruit, Zn and Mn are consistently present at low but measurable concentrations, typically within the broader
0.45-19 mg/kg range reported for Zn, Mn, B, Fe, Cu, and Na, which indicates that they are regular components of
the fruit mineral matrix rather than incidental contaminants (Zhang et al., 2025). Practical evidence from fruit
crops further suggests that combined micronutrient programs can improve fruit growth and quality traits, and
cherry-focused work has cited positive effects of adding microelements such as B, Fe, and Zn to calcium-based
spray programs for cracking management (Matteo et al., 2022; Sandilya et al., 2023).

Calcium remains the primary nutrient for direct firmness retention in cherry, while potassium, magnesium, boron,
zinc, and manganese influence firmness and shelf life through growth, assimilate supply, and mineral balance.
The most effective orchard strategy appears to be balanced, stage-specific nutrient management that increases fruit
calcium while avoiding antagonistic nutrient ratios and supporting overall fruit development.

4 Nutrient Management Strategies During Cherry Fruit Development

4.1 Pre-bloom and bloom-stage nutrition

Early-season nutrition determines reproductive success because flower viability, fruit set, and the initial sink
strength of young fruit are established around bloom, when cherry is highly sensitive to environmental and
nutritional constraints (Xu et al., 2023). Pre-bloom nutrient programs should therefore prioritize adequate reserves
and timely supply of nutrients linked to reproductive development, especially boron and calcium, while
maintaining sufficient leaf support for carbohydrate supply to developing flowers and fruitlets (Figure 2) (Matteo
et al., 2022; Bons and Sharma, 2023).

Fruit set depends on both reproductive nutrition and source—sink balance. In sweet cherry, high crop load is
negatively associated with fruit quality, while regulation of fruit set alters leaf:fruit ratio and assimilate
availability to the remaining fruitlets (Parveze et al., 2024). Boron is especially important at this stage because
deficiency reduces fruit set in sweet cherry, and preflowering boron supply increases endogenous boron during
early growth, improves fruit set, and promotes mesocarp cell enlargement (Michailidis et al., 2023; Arredondo et
al., 2024). Not all bloom-stage B interventions are beneficial under all conditions, however, since a 0.01% boric
acid spray reduced fruit set in one frost-prone field study, indicating that bloom applications require careful
context-specific management rather than routine use (Xu et al., 2023).

Early calcium supply is physiologically justified because mineral influx into cherry fruit is fastest during early
development, when xylem flow still dominates, whereas xylem functionality declines later toward maturity
(Winkler et al., 2020; Michailidis et al., 2021). Calcium applied during dormancy can enter dormant flower buds
and phloem, and high-dose dormant applications improved later fruit calcium status, cracking incidence, and fruit
set (Michailidis et al., 2021). Boron supplementation is also effective when targeted early: soil-applied ~10B at
full bloom was absorbed more strongly than pre-senescence application, whereas boron applied directly to flowers
remained largely in the fruit, making floral boron a useful complementary method to support current-season fruit
demand (Arredondo et al., 2024). Evidence from other fruit systems also supports combined B + Ca programs for
firmer tissues and longer shelf life, consistent with their complementary roles in cell-wall structure and fruit
integrity (Islam et al., 2016).
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Figure 2 Stage-specific nutrient management strategy for enhancing sweet cherry firmness and shelf life

Image caption: Early calcium supply during dormancy, bloom, and Stage I fruit development is emphasized because calcium import
into fruit declines as xylem function weakens. Boron should be supplied around flowering, while potassium and magnesium should
be moderately regulated during fruit enlargement and maturation. Postharvest calcium treatment and cold storage technologies can
further delay firmness loss

4.2 Fruit expansion and maturation-stage nutrition

During fruit enlargement, nutrient management must support cell expansion and sugar accumulation without
allowing calcium dilution, nutrient imbalance, or excessive vegetative growth to weaken firmness (Matteo et al.,
2022; Ates et al., 2022; He et al., 2025). This stage is where the benefits of potassium become clear, but also
where antagonism between potassium and calcium becomes a major management concern (Ates et al., 2022; He et
al., 2025).

Potassium is strongly associated with cherry fruit quality and can increase fruit size, weight, soluble solids, and
firmness when adequately supplied (Ates et al., 2022; Santos et al., 2024). In sweet cherry, soil K application
before full bloom increased fruit length by 9%, fruit weight by 23%, flesh firmness by 24%, and water-soluble dry
matter by 20% (Ates et al., 2022). However, potassium can also decrease fruit calcium and magnesium
concentrations, and increasing the K:Ca ratio can hinder calcium uptake and weaken the mineral balance
associated with firm fruit (Ates et al., 2022; He et al., 2025). This balance matters because fruit calcium
concentrations naturally decline during development through reduced import and dilution by growth, so late
enlargement strategies should combine potassium support with continued calcium management rather than
emphasizing K alone (Matteo et al., 2022; Winkler et al., 2020).

Balanced fertilization is essential because sweet cherry fruit compete with vegetative sinks for both carbohydrates
and nutrients during their short development period (Matteo et al., 2022; Santos et al., 2024). Nitrogen supports
canopy development and photosynthesis, but excess nitrogen promotes excessive vegetative growth at the expense
of fruit formation and maturation and is associated with fruit softening (Varaldo and Giacalone, 2025; Varaldo et
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al., 2023). Recent foliar nutrient trials also suggest that nitrogen-containing formulations can accelerate cell
expansion and softening, which may compromise cell-wall integrity even when fruit growth is improved (Varaldo
et al., 2023). For firmness-oriented orchard management, the target should therefore be moderate vegetative vigor,
adequate leaf area, and nutrient ratios that avoid excessive N:Ca and K:Ca imbalance (Matteo et al., 2022; He et
al., 2025).

4.3 Foliar and soil application strategies

Both foliar and soil nutrient delivery can contribute to firmness and shelf life, but they serve different purposes:
foliar sprays are faster and more target-oriented for short-term correction, whereas soil fertilization and fertigation
are better suited to maintaining seasonal nutrient availability and root-zone balance (Bons and Sharma, 2023). The
most effective programs integrate both approaches according to phenological stage and nutrient mobility (Santos
et al., 2024).

Foliar calcium sprays can improve firmness, reduce cracking, and enhance storage performance, but their effects
are often inconsistent because calcium penetration into cherry fruit is erratic and declines with fruit age (Winkler
and Knoche, 2019). Timing is therefore critical. In unthinned trees, a Stage 1 CaCl, spray produced higher
firmness than sprays at Stages II or III, while early sprays improved fruit textural properties even under high crop
load (Matteo et al., 2022). Later sprays can still be useful for cracking reduction, since applications at 39 or 62
days after full bloom reduced cracking in thinned trees (Matteo et al., 2022). Cultivar response remains variable,
with calcium improving firmness in Sweetheart and Regina but not Bing in one study, so spray programs should
be adjusted by cultivar and local conditions.

Soil fertilization and fertigation remain the foundation for sustaining nutrient supply across the season,
particularly for potassium, magnesium, nitrogen, and background calcium and boron nutrition (Arredondo et al.,
2024; Santos et al., 2024). Soil K fertilization applied under the canopy before bloom improved several fruit
quality traits, showing that root-zone supply can effectively influence later firmness and soluble solids (Ates et al.,
2022). Boron management through the soil is also stage-sensitive: application at full bloom enhances absorption
and whole-tree distribution more than application before leaf senescence, while late-season soil B may still help
build reserves for the following year (Arredondo et al., 2024). More broadly, root-zone nutrient management
should avoid indiscriminate fertilizer use, because excess input can impair mineral balance and create
environmental costs, whereas stage-specific nutrient modulation and synchronized fertigation improve both
nutrient-use efficiency and fruit quality outcomes (He et al., 2025).

5 Effects of Nutrient Management on Cherry Shelf Life

5.1 Reduction of postharvest softening

Postharvest softening is a primary limit on cherry shelf life, and mineral nutrition can slow this process by
preserving wall structure and reducing physiological deterioration. The strongest evidence supports calcium,
including both preharvest sprays and postharvest dips, although some newer work suggests calcium source and
combination treatments also matter (Belge et al., 2017; Wu et al., 2023).

Calcium delays softening by reducing the activity of enzymes that degrade pectin and other wall polysaccharides
during storage (Celik et al., 2022). In Chinese cherry, preharvest calcium treatments reduced PME, PG, Cx, and
B-Gal activities and down-regulated key softening-related genes, indicating direct suppression of cell wall
disassembly (Wu et al., 2023). In ‘Celeste’ sweet cherry, calcium treatment increased firmness and was associated
with changes in cell wall metabolism, while cold storage itself inhibited PapGal and PaEXP1 transcript
accumulation before expression partly recovered during shelf life (Belge et al., 2017). These findings are
consistent with the broader interpretation that calcium helps maintain the middle lamella and slows the resolution
of pectic structure that normally accompanies ripening and storage (Erbas and Koyuncu, 2023).

Calcium also prolongs shelf life by maintaining membrane stability and lowering oxidative deterioration during
storage. Postharvest calcium application in hydro-cooling water increased fruit tissue calcium by 29%-85% in
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‘Sweetheart’ and 39%—188% in ‘Lapins’, while reducing respiration, membrane lipid peroxidation, ascorbic acid
degradation, titratable acidity loss, decay, and pitting (Wang et al., 2014). In Chinese cherry, exogenous calcium
decreased malondialdehyde content and relative electrical conductivity while increasing antioxidant enzyme
activities, which supports a membrane-protective role beyond simple wall strengthening (Wu et al., 2023).
Combined pre- and postharvest calcium gluconate similarly suppressed respiration and delayed losses of firmness,
acidity, sensory quality, and decay during cold storage, although responses varied with calcium source and
treatment sequence (Erbas and Koyuncu, 2023).

5.2 Improvement of resistance to cracking and decay

Nutrient management also affects shelf life indirectly by reducing skin failure before or after harvest and by
limiting subsequent microbial invasion. This relationship is important because cracked fruit are much more
vulnerable to fungal infection and commercial rejection (Colak et al., 2025).

Calcium consistently reduces cracking in many cherry studies, although the magnitude varies. Preharvest foliar
calcium treatments reduced cracking by 38%—66% in ‘0900 Ziraat’, with calcium chloride and calcium hydroxide
among the most effective compounds, and calcium chloride also increased firmness by about 12% relative to other
compounds (Erogul, 2014). More recent orchard trials found that calcium- and potassium-based foliar treatments
reduced cracking and improved firmness and weight retention during storage, while dormant-bud calcium
application also lowered on-tree cracking and improved harvest quality traits (Michailidis et al., 2021; Varaldo
and Giacalone, 2025). Boron contributes mainly through its interaction with calcium transport and wall structure.
Under boron-deficient soil, calcium allocation shifted toward roots and pits, while calcium in the edible flesh and
peel was higher under boron-adequate conditions, indicating that boron deficiency weakens the calcium status
most relevant to cracking resistance (Bonomelli et al., 2025).

Reduced decay after calcium treatment appears to reflect both stronger tissues and slower physiological
breakdown. Calcium-treated ‘Celeste’ fruit had lower decay incidence than controls (Belge et al., 2017).
Hydro-cooling with calcium chloride decreased decay in both ‘Sweetheart’ and ‘Lapins’ cherries, alongside lower
membrane lipid peroxidation and respiration (Wang et al., 2014). A mechanistic explanation is that calcium
promotes pectate formation, strengthens intercellular adhesion, and suppresses wall-degrading enzymes, which
makes pathogen penetration more difficult (Colak et al., 2025). Nutrient balance also matters because excess
nitrogen appears to favor softening, and calcium responses are often inconsistent when uptake into fruit is limited
or mineral ratios are unfavorable (Winkler and Knoche, 2019).

5.3 Interaction with storage conditions

Nutrient effects on shelf life are strongest when considered together with storage environment, especially low
temperature and modified atmosphere packaging. The evidence supports synergy between calcium status and
storage technology, but also shows that storage conditions can either reveal or mask nutrient benefits (Matteo et
al., 2022; Liu et al., 2025; Cui et al., 2025).

Cold storage preserves cherries, but fruit nutrient status strongly influences how well quality is maintained over
time. Early crop load reduction improved storage condition after 45 days at 0 °C, and early foliar CaCl, sprays
improved firmness under high crop load, indicating that preharvest calcium management can improve cold storage
performance before fruit enter storage (Matteo et al., 2022). Calcium-treated fruit generally lose less weight and
maintain greater firmness during refrigerated storage, as shown in ‘Celeste’, ‘Regina’, and ‘Sweetheart’ studies
(Varaldo and Giacalone, 2025). Combined pre- and postharvest calcium gluconate was especially effective during
three weeks of cold storage, giving the best suppression of respiration and the slowest losses of firmness and
sensory quality (Erbas and Koyuncu, 2023).

Modified atmosphere packaging improves cherry storage by lowering respiration and water loss, and nutrient
treatments can enhance these benefits. MAP significantly retarded weight loss and, when combined with a
preharvest treatment, helped maintain firmness and reduce decay during cold storage and shelf life in ‘0900 Ziraat’
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(Aglar et al., 2017). Postharvest CaCl, plus MAP reduced respiration and preserved quality traits and bioactive
compounds better than untreated controls, with the lowest decay and weight loss generally occurring in the
combined treatment during storage (Colak et al., 2025). Optimized MAP also maintained firmness, acidity,
vitamin C, and lower browning and decay over long cold storage, but its success depended on film permeability
and gas composition, so nutrient benefits are contingent on a well-matched storage atmosphere rather than MAP
alone (Cui et al., 2025).

6 Integrated Orchard Practices Supporting Nutrient Management

6.1 Irrigation and nutrient uptake coordination

Water management strongly conditions nutrient uptake because calcium transport depends on xylem flow, while
potassium acquisition and distribution respond to root activity and soil solution dynamics (Figure 3). In sweet
cherry, higher irrigation volumes were associated with lower cracking at harvest and were hypothesized to favor
calcium uptake and incorporation into fruit cells, even though final fruit Ca concentration differences were not
always significant (Measham et al., 2013). This inconsistency matches broader review evidence showing that
calcium effects on cherry quality are often variable because Ca movement into fruit is physiologically constrained
and sometimes erratic (Winkler and Knoche, 2019).
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Figure 3 Integrated preharvest and postharvest management system for extending sweet cherry shelf life

Orchard nutrient management should be coordinated with irrigation, canopy structure, crop load regulation, soil health, postharvest
calcium treatment, cold storage, and modified atmosphere packaging. This integrated system helps reduce softening, cracking, decay,
water loss, and quality deterioration during storage and distribution

Soil moisture affects calcium most directly because Ca is xylem-mobile and fruit import declines as development
proceeds, so sustained water supply early in fruit growth helps maintain transport to the fruit (Winkler and
Knoche, 2019; Matteo et al., 2022). Potassium responds differently: K fertilization increased fruit size, weight,
firmness, and soluble solids, but also reduced fruit Ca and Mg concentrations, showing that uptake benefits can be
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offset by antagonism if water and fertilizer management drive excessive K relative to Ca (Ates et al., 2022).
Environmental conditions also modify these responses, since rainfall and temperature significantly influenced
cherry quality parameters in a three-year fertilization study, emphasizing that nutrient outcomes cannot be
separated from orchard water status (Santos et al., 2024).

Fertigation improves nutrient-use efficiency when timing is synchronized with developmental demand rather than
applied as a large undifferentiated seasonal dose. Sweet cherry management benefits from understanding nutrient
availability during blossom, fruit growth, harvest, and postharvest periods, because synchronized fertilization
improves application efficiency and fruit quality (Santos et al., 2024). Although the strongest direct fertigation
evidence in the supplied set comes from broader fruit-crop literature, integrated soil fertility management in
perennial fruit systems consistently shows that combining inorganic fertilizers with organic inputs and microbial
inoculants improves agronomic response and soil health more effectively than relying on a single nutrient source
(Srivastava et al., 2021). In practice, efficient fertigation for cherry should therefore emphasize moderate,
stage-specific nutrient supply and avoid indiscriminate chemical fertilization, which has been identified more
generally as a cause of poor nutrient balance and lower system efficiency (Srivastava et al., 2021; Varaldo et al.,
2023).

6.2 Canopy and crop load management

Canopy architecture and crop load regulate how effectively nutrient supply is converted into fruit quality because
they determine light interception, carbon assimilation, and competition among fruit and vegetative sinks.
Low-light stress in sweet cherry reduces leaf light capture, damages photosynthetic performance, restricts carbon
assimilation, and reduces nutrient accumulation in fruit (Tang et al., 2023). At the same time, fruit yield and
quality are positively related to leaf area per fruit, and heavy crop load is associated with smaller, poorer-quality
cherries (Matteo et al., 2022).

A favorable canopy light environment supports fruit nutrient accumulation indirectly by sustaining photosynthesis
and carbohydrate export to fruit. In sweet cherry, shading reduced fruit weight, sugar content, and vitamin C,
while increasing acidity, consistent with lower assimilate availability and poorer maturation under canopy closure
(Tang et al., 2023). Evidence from other fruit trees points in the same direction: fruit in better-lit canopy positions
accumulated more sugars, dry matter, and secondary metabolites in apple, and exposed high-light fruit showed
more favorable metabolite profiles in peach (Anthony et al., 2021; Kviklys et al., 2022). Training systems
therefore matter nutritionally as well as structurally, because adequate spacing and planar canopy organization
improve light interception and support higher dry matter and soluble solids under commercial cherry production
(Stone et al., 2022).

Crop load regulation improves fruit uniformity by reducing competition for carbohydrates and minerals among
fruit. Early crop load reduction increased fruit size and weight, and thinned trees showed less pedicel detachment,
browning, and decay after 45 days of storage at 0 °C (Matteo et al., 2022). Under high crop load, an early Stage I
CaCl, spray produced firmer fruit than later sprays, indicating that crop load also alters the effectiveness of
nutrient interventions rather than only baseline fruit quality. More broadly, the negative correlations between crop
load and fruit dry matter or soluble solids in sweet cherry training-system trials show that uniform quality requires
balancing crop number with canopy source capacity, not simply increasing fertilizer supply (Stone et al., 2022).

6.3 Soil health and organic amendments

Soil health practices support nutrient management by improving organic matter, root activity, and the biological
processes that regulate nutrient cycling. Reviews across fruit systems show that integrated use of organic
fertilizers, composts, and microbial inoculants has become central to sustainable soil fertility management because
it improves soil health while supporting quality production (Srivastava et al., 2021; Singh et al., 2024). These
practices are especially relevant in perennial orchards, where long-term root-zone function shapes yearly nutrient
uptake more than short-term fertilizer additions alone.
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Organic matter improvement promotes root activity by enhancing moisture retention, nutrient availability, and the
physical environment of the rhizosphere. Soil organic matter is a major driver of soil quality because it affects pH,
moisture retention, and nutrient concentrations (Xie et al., 2024). More generally, organic amendments provide a
slow-release bank of macro- and micronutrients while improving physical and biological soil properties (Singh et
al., 2024). In orchard systems, amendments and biologically active carriers increased root length density and
shoot growth in apple, indicating that improved soil conditions can translate into stronger root systems and higher
nutrient capture capacity (Ding et al., 2024).

Microbial amendments improve nutrient availability mainly by reshaping rhizosphere communities and
strengthening nutrient cycling. Soil amendments increased fungal diversity, increased microbial network
complexity, and enhanced bacterial-fungal synergy linked to nutrient cycling functions (Ding et al., 2024). In pear,
bio-organic fertilizers increased yield by up to 20%, and adding beneficial bacteria tripled the yield increase
achieved by organic fertilizer alone, largely through altered soil chemistry and a more plant-beneficial
microbiome (Wang et al., 2022). Integrated fruit-tree intercropping systems likewise increased organic matter,
available phosphorus, and available potassium while increasing beneficial microbial groups related to disease
prevention and nutrient cycling, although they also carried risks such as soil acidification that require corrective
management (Xie et al., 2024).

7 Challenges and Future Development of Cherry Nutrient Management

7.1 Current problems in nutrient management

A central problem is that nutrients are not distributed uniformly among fruits, leaves, peduncles, prunings, and
perennial organs. In sweet cherry orchards, N was more evenly distributed across fruits, peduncles, and prunings,
whereas K was concentrated in fruits and peduncles and Ca and Mg were retained mainly in fallen leaves,
showing that fruit demand does not mirror whole-tree nutrient status (Karampatzakis et al., 2025). Under high
yields, K was redistributed from leaves to fruits, further indicating that internal remobilization can intensify
organ-to-organ imbalance. Uneven distribution also occurs within the fruit itself: calcium concentration was two-
to three-fold higher at the stem end than at the stylar end, and fruit-to-fruit variation in calcium mass was wide
even within cultivars (Winkler et al., 2020). Source—sink imbalance compounds this heterogeneity because sweet
cherry fruit develop rapidly, compete strongly with vegetative sinks, and depend on adequate leaf area per fruit for
uniform quality formation (Matteo et al., 2022).

A second persistent problem is the tendency toward excessive or poorly balanced fertilization. Precision-nutrition
reviews note that conventional nutrient management often leads to over-fertilization, uneven nutrient supply,
environmental pollution, and economic inefficiency (Singh et al., 2024). Cherry-specific studies likewise
emphasize the lack of site-specific fertilization guidelines and the need to account for nutrient removal and
recycling rather than replacing nutrients generically (Karampatzakis et al., 2025). Antagonistic interactions make
this problem more serious: high K levels can reduce Ca and Mg status, and high nitrogen can depress leaf P and K
while also lowering leaf Ca and Mg at excessive rates (Rutkowski and Lysiak, 2023). In sweet cherry fruit,
increasing K or N can therefore improve some growth traits while simultaneously worsening the mineral balance
associated with firmness and storage potential (Santos et al., 2024).

7.2 Technical limitations in improving firmness and shelf life

The main technical limitation is the difficulty of delivering calcium into cherry fruit at the right place and time.
Calcium influx is positively related to transpiration and declines as xylem functionality is progressively lost
during fruit development, making late-season correction inherently difficult (Winkler et al., 2020). Natural fruit
calcium concentrations also decline during development because import slows while continued growth dilutes
accumulated calcium (Matteo et al., 2022). Reviews conclude that preharvest sprays and postharvest dips
sometimes increase fruit calcium and improve firmness, cracking, or rot resistance, but at other times they are
ineffective because calcium movement through the cuticle is erratic and the uptake pathways remain poorly
understood (Winkler and Knoche, 2019). Even when calcium enters tissues, responses are spatially selective:
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dormant applications reached flower buds and phloem but not vegetative buds, and postharvest hydrocooling
increased tissue Ca while reducing pectin solubilization, splitting, decay, and firmness loss (Wang and Long, 2015;
Michailidis et al., 2021).

Another limitation is strong variation among cultivars, seasons, and regions. Calcium effects are not always
consistent across studies, and cultivar-specific responses are common (Winkler et al., 2020). In one cherry study,
calcium improved firmness in Sweetheart and Regina but not in Bing, and fruit Ca concentration responded
significantly only in Regina. Seasonal and regional conditions also reshape nutrient outcomes: year effects
strongly altered fruit size and quality in Mg/K fertilization trials, and temperature and rainfall were identified as
major influences on cherry quality responses (Santos et al., 2024). Even orchards under similar management can
differ because of soil texture, pH, age, and rootstock effects, which complicates the transfer of fertilizer
recommendations across regions (Karampatzakis et al., 2025).

7.3 Future development trends

Future development will likely center on precision nutrient management based on fruit demand rather than fixed
fertilizer schedules. Precision approaches aim to supply the right nutrient amount at the right time and place using
real-time information on soil conditions, plant health, and nutrient status (Singh et al., 2024). In cherry, this
direction is supported by yield-based nutrient-removal models, where fresh fruit yield showed strong relationships
with uptake of N, P, K, Mg, B, and Cu, enabling prediction of orchard nutrient losses (Karampatzakis et al., 2025).
Because large fractions of N, P, K, and Mg remain in leaves and prunings, future programs should integrate
nutrient recycling with external inputs rather than treating annual fertilization as one-way replacement.
Sustainable organic options may also contribute, since compost tea plus compost improved tree water status,
photosynthetic performance, yield, and fruit quality in an organic cherry orchard (Gaeta et al., 2025).

A second major trend is the integration of sensors, prediction models, and quality analytics to connect orchard
nutrition with firmness and shelf-life outcomes. Reviews of precision nutrient management in fruit crops
emphasize remote sensing, variable-rate technology, fertigation, and data-driven decision tools, but also note that
validation for specific fruit crops remains limited (Singh et al., 2024). New sensing studies in other fruit systems
show that hyperspectral imaging and machine learning can non-destructively predict soluble solids, nutrients,
vitamin C, and protein across varieties and seasons, while soil-sensor networks can estimate harvest quality traits
from field measurements (Elashmawy and Uysal, 2023; Zhai et al., 2025). Broader Agriculture 4.0 reviews
similarly argue that multimodal sensors and AI can improve real-time fruit quality evaluation, although
interpreting interacting effects of nutrient imbalance, stress, and disease remains technically complex (Colaco and
Kamat, 2025). For cherry, the next step is to combine these tools with nutrient-uptake models and postharvest
indicators so that fertilization decisions can be evaluated not only by yield, but by predicted firmness retention,
cracking risk, and storage performance.

8 Conclusions and Perspectives

Nutrient regulation is an important approach for improving cherry fruit firmness and storability. Among the
relevant nutrients, calcium is most directly associated with fruit firmness and storage performance. Calcium
strengthens cell wall structure, maintains membrane system stability, and is closely related to reduced fruit
cracking and decay, as well as higher firmness at harvest and during storage. However, the regulatory effect of
calcium is strongly constrained by fruit developmental physiology. As fruit enlarge and xylem function declines,
calcium influx into the fruit gradually weakens, and fruit calcium concentration is also likely to decrease because
of dilution effects. Potassium plays a positive role in promoting fruit enlargement, sugar accumulation, and
ripening, and some studies have also shown that it helps maintain firmness. Nevertheless, excessive potassium
supply may increase the K:Ca ratio, disrupt calcium and magnesium balance, and consequently weaken fruit
storage performance. Magnesium mainly acts indirectly by supporting photosynthesis, carbon assimilation, and
quality formation, and its contribution to firmness improvement usually depends on an appropriate
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calcium—-magnesium balance. Boron participates in quality regulation mainly by affecting cell wall structure,
nutrient transport, fruit set, and early fruit development, and may promote calcium allocation to edible fruit
tissues.

Existing studies indicate that supplementation with a single nutrient is unlikely to consistently improve cherry
firmness and storage quality, whereas coordinated regulation of multiple nutrients has greater practical value.
Early calcium supplementation, especially at the dormant-bud stage or during Stage I of fruit development, is
more favorable for calcium entry into flower buds, phloem, and young fruit tissues, where it can participate in cell
wall formation. Although late calcium treatment may have limited effects on firmness improvement, it may still
reduce fruit cracking. Combined foliar programs based on calcium and potassium have shown certain advantages
in maintaining firmness during storage and reducing weight loss and cracking. Postharvest hydrocooling with
0.2%-0.5% CacCl: can also help maintain fruit firmness after cold storage and reduce cracking, decay, acidity loss,
and skin discoloration. Therefore, cherry nutrient management should shift from single-element fertilization
toward integrated regulation based on developmental stage, nutrient ratios, and postharvest requirements.

In production practice, a stage-specific and balanced nutrient management model should be established. Calcium
supply should be advanced, with emphasis on the dormant period, flowering stage, and early fruit development.
Boron supply should be ensured around flowering to promote fruit set and early fruit development. Potassium and
magnesium can be moderately adjusted from fruit enlargement to ripening to improve fruit size, sugar—acid
accumulation, and color quality, but excessive application should be avoided to prevent K:Ca imbalance and fruit
softening. Nitrogen management should also remain moderate, because excessive nitrogen application may not
only affect leaf phosphorus, potassium, calcium, and magnesium contents, but also weaken fruit quality stability.
Meanwhile, preharvest thinning, crop-load regulation, and postharvest calcium treatment should be applied in
coordination to establish an integrated technical system from orchard management to postharvest preservation.

Future research should further deepen both mechanistic analysis and precision management. On the one hand, it is
necessary to clarify the pathways of calcium uptake, cuticular penetration, tissue distribution, and cellular
localization in cherry fruit, and to reveal the relationships between elements such as calcium, potassium,
magnesium, and boron and cell wall metabolism, membrane stability, ripening regulation, and the expression of
softening-related genes. On the other hand, cultivar and site-specific differences should be emphasized, and
nutrient management programs suitable for different cultivars, rootstocks, tree ages, soil conditions, and yield
levels should be developed. With advances in hyperspectral imaging, soil sensors, nutrient uptake models, and
artificial intelligence, cherry nutrient management is expected to move toward a cultivar-specific, sensor-assisted,
and recycling-oriented precision model.
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