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ABSTRACT 
	Strawberry (Fragaria × ananassa Duch.), being a valuable and sensitive crop to salinity, can be affected by salt in soil and/or water from irrigation at very low concentrations. Due to increased area for strawberry cultivation in semi-arid and salt-affected regions and the use of poor-quality irrigation water, salinity will remain one of the most important limiting factors for sustainable strawberry production around the world. Salt reduces strawberry’s growth and productivity via osmotic stress, toxic ions, nutritional imbalance, oxidative damage, reduced photosynthesis, and other metabolic damages, resulting in lower fruit yield and quality. This review provides an overview of the literature regarding physiological, biochemical, and molecular mechanisms involved in strawberry responses to salinity. It places particular emphasis on both osmotic and ionic effects caused by salt, disruption of potassium/sodium balance, reactive oxygen species (ROS) formation, antioxidant defence mechanisms, osmoregulation, hormonal regulation, and transcriptional reprogramming associated with salinity adaptation.
This review also describes significant variability among cultivated strawberry varieties and wild Fragaria species in their ability to withstand salt stress and highlights their potential as genetic resources for developing salt-tolerant cultivars. Strategies for alleviating salinity stress using emerging biological and agronomic approaches are discussed, including silicon- and selenium-based nanomaterials, biostimulants, arbuscular mycorrhizal fungi (AMF), plant growth-promoting rhizobacteria (PGPR), and beneficial endophytic fungi. Particular emphasis is given to Piriformospora indica as a promising root endophyte capable of improving nutrient uptake, ion homeostasis, antioxidant activity, and stress resilience under saline conditions. Recent advances in systems biology, multi-omics approaches, microbiome engineering, nanotechnology, and predictive breeding are also discussed in relation to the development of climate-resilient strawberry production systems. Finally, this review identifies important research gaps, including the need for long-term field-scale studies, improved integration of physiological and molecular datasets, and a better understanding of synergistic biological interactions under salinity stress. A multidisciplinary framework is proposed to support the development of biologically based and sustainable strategies for improving strawberry productivity, fruit quality, and tolerance to increasing soil salinization.
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1. INTRODUCTION 

Strawberry cultivation has dramatically grown over the past few decades due to its high commercial value and increasing global consumer demand. Consumers prefer strawberries not only because of their pleasing flavor, color, and aroma, but also because of their health- and nutrition-promoting properties. Strawberries contain numerous vitamins and phytochemicals, particularly phenolic compounds, antioxidants, and other beneficial substances that contribute to various human health benefits (Mazzoni et al., 2020; Passa et al., 2026). Due to its associated nutritional value and high consumer demand, strawberry production has been crossed 10.7 million tonnes worldwide, with largest contribution of Asia followed by America and Europe (FAO, 2024).  As strawberry demand continues to rise, producers are expanding cultivation into arid and semi-arid regions with limited access to good-quality water. Consequently, many growers rely on low-quality saline water for irrigation; however, prolonged use of such water can increase soil salinity and degradation, making sustainable crop production more difficult (Passa et al., 2026).

Secondary salinization of soils caused by the use of marginal-quality irrigation water is recognized globally as one of the primary environmental barriers to sustaining agriculture. Excess dissolved salts reduce soil water potential, leading to restricted plant-water uptake, disrupted ion homeostasis, and reduced nutrient availability that limit plant growth and fruit yield (Gill & Tuteja, 2016; Shrivastava & Kumar, 2015). Climate change will likely exacerbate the problem of soil salinization globally due to increased evaporation rates, sea level rise, limited rainfall and continued dependence on suboptimal quality irrigation water (Shrivastava & Kumar, 2015; Tomaz et al., 2020).

Of all fruit crops, strawberries are particularly sensitive to salinity (Denaxa et al., 2022). Significant yield losses have occurred at electrical conductivity (EC) levels of approximately 1.0 dS m⁻¹, and an increase in each unit of EC level severely affects yield in terms of fruit number and fruit size in susceptible varieties (Abu Zeid et al., 2023; Ferreira et al., 2019; Passa et al., 2026;). Salt stress typically progresses through two distinct phases in strawberry: first, an osmotic phase that restricts water absorption by the roots; second, an ionic phase that results from the toxic accumulation of Na⁺ and Cl⁻ in the aerial parts of the plant, causing a decrease in stomatal conductance and therefore reduced photosynthesis, membrane dysfunction, and oxidative stress (Abu Zeid et al., 2023).
Additionally, salinity changes the chemical composition of fruits, affecting those characteristics related to acceptability and processability by consumers and industry. For example, sodium chloride-induced alterations in total soluble solids (TSS), titratable acidity (TA), firmness, colour, and concentrations of bioactive compounds such as ascorbic acid and polyphenols have been studied in strawberries subjected to different concentrations of sodium chloride stress (Keutgen & Pawelzik, 2008; Yaghubi et al, 2019).Although the direction and degree of impact varied depending on genotype, salt-stress intensity, duration of stress, developmental stage of plant and management practices (Abu Zeid et al., 2023; Ghaderi et al., 2018; Passa et al., 2026), 

The response of strawberry varieties to salinity varies greatly according to genotype. Studies comparing commercial Fragaria × ananassa varieties with wild relatives such as Fragaria chiloensis showed that the latter maintained a greater percentage of relative water content, more efficiently excluded Na⁺ and Cl⁻ from the shoot, and had less oxidative damage than many commercial varieties, thus providing better growth under salty conditions (Garriga et al., 2015; Passa et al., 2026). Variability exists among commercial varieties in terms of salt tolerance, which can be correlated to variations in ion homeostasis, antioxidant status, and maintenance of photosynthetic activity (Abu Zeid et al., 2023). Therefore, these parameters  suggest that salt-tolerant varieties can be developed through breeding and selection using physiological and molecular markers related to salt tolerance (Passa et al., 2026).

Additional interest has arisen regarding biological mitigation strategies for improving plant performance under salinity. Biological agents such as priming agents, bio-stimulants, and nanomaterials have been demonstrated in model and crop species to regulate antioxidant enzymes, hormone signalling, and ion transport, thereby improving tolerance to stressful conditions ( Gill et al., 2023). Potential biological mitigation strategies for strawberry include the use of silicon- and selenium-based nanomaterials, arbuscular mycorrhizal fungi (AMF), plant growth-promoting bacteria, and endophytic fungi. AMF, PGPR, and beneficial endophytic fungi can improve nutrient acquisition by the plant, enhance antioxidant enzyme activity, and facilitate ion equilibrium in plants stressed by salinity (Abu Zeid et al., 2023; Alnayef et al., 2022; Zahedi et al., 2019;). Other organisms such as Piriformospora indica have enhanced salinity tolerance in other crops through modulation of nutrient acquisition, regulating Na+/K+ homeostasis, hormone network activation, and antioxidant enzyme activity (Ghorbani et al., 2019; Yun et al., 2018). Thus, similar associations with beneficial microorganisms might also exist for strawberry salinity mitigation (Deshmukh et al., 2006; Sherameti et al., 2008).

Therefore, this review attempts to synthesize current understanding regarding how salinity impacts strawberry growth, physiology, yield, and fruit quality with respect to genotypic variation and biological mitigation options. Additionally, emerging possibilities for incorporating beneficial microorganisms into breeding programs for managing salinity stress in strawberries are reviewed along with Piriformospora indica as a potential beneficial endophyte for salinity mitigation in strawberries.

2. Salinity as a Constraint to Strawberry Productivity
2.1 Salinity in Agricultural Soils
Salinity in agricultural soils occurs when soluble salts accumulate in the root zone, causing a reduction in soil water potential and resulting in drought-like physiological conditions for plants (Kaur et al., 2024; Munns & Tester, 2008; Shrivastava & Kumar, 2015). Globally, about twenty percent of irrigated land and thirty-three percent of potentially arable land suffer from salinity, which poses major threats to global food security and agricultural sustainability (Mukhopadhyay et al., 2021; Qadir et al., 2014). Strawberry growers face increased risks of secondary soil salinization largely from irrigation with brackish water, poor soil drainage, excessive fertilizers applied to the soil, or rising groundwater tables common in coastal or semi-arid regions (Turhan et al., 2013). Since strawberry is commonly grown on coarse-textured soils with low cation-exchange capacity, which provides minimal protection against salt accumulation (Savvas et al., 2008), strawberry is particularly vulnerable to salinity stress. Salinity has become an increasing constraint to strawberry production in key producing areas of California, Spain, Egypt, and India because of increased Electrical Conductivity (EC), which exceeds the acceptable ranges for strawberry growth (approximately 1.0 – 1.8 dS m-1) in these regions (Ulrich et al., 2014).

2.2 Mechanisms Underlying Salt Sensitivity in Strawberry
Compared to most other fruit crops, strawberries have an extremely low salt tolerance level. The amount of salt that can be tolerated by strawberries is very small. Strawberry plants lose much of their productivity when they are grown in soils where the electrical conductivity (EC) ranges from 1.0-2.5 dS/m (Suarez & Grieve, 2013). Several factors contribute to the limited ability of strawberry plants to grow in salty soils. These factors include, low depth root system (located within the top 20-30 cm of the soil), large amounts of water requirement for flowers and fruits production, and sensitive leaves which accumulate sodium (Na⁺) and chloride (Cl⁻) ions as the plant grows. Unlike more tolerant crops such as tomatoes or peppers, strawberry has no long-term mechanism for removing Na⁺ from the shoot growth area and it  also does not reduce leaf elongation quickly in response to saline conditions (Keutgen & Pawelzik, 2007).

2.3 Effects on Growth, Flowering, Yield, and Fruit Quality
Salt stress elicits a biphasic response in strawberry. Initially, high salt accumulation reduces soil osmotic potential and restricts water uptake by roots, resulting in altered leaf water content and stomatal conductance which subsequently disrupt gaseous exchange and photosynthesis (Rahimi et al., 2011). Later on, toxic accumulation of Na⁺ and Cl⁻ ions result in nutrient imbalance and stunted growth (Alnayef et al., 2022; Turhan et al., 2013). Leaf area expansion is inhibited earlier than flower bud formation. Water deficits alone reduce dry matter production by approximately 25%. In one finding, 50 mMsodium chloride added to hydroponic solutions significantly reduces total dry matter production by approximately 45% in susceptible varieties (Al-Ibrahim et al., 2013; Keutgen & Pawelzik, 2007).

In addition to flowering and fruit production, the amount of carbohydrates allocated to reproductive sites is disrupted by salinity, reducing pollen viability (Mircea et al., 2025; Sonneveld & Voogt, 2009). Linear yield reductions occur with increasing salinity, where a 2.0 dS m⁻¹ salinity results in a 10–20% decrease in yield and 5.0 dS m⁻¹ can result in 60–80% loss in yield, mainly attributed to fewer fruits per plant and lower average fruit weight (Passa et al., 2026; Saidimoradi et al., 2019; Ulrich et al., 2014).

The responses to salinity on fruit quality are very complex. For mild salinity (10–40 mM NaCl), TSS and TA increased for ‘Elsanta’ and ‘Camarosa’ cultivars, resulting in perceived sweetness; however, higher concentrations resulted in decreased fruit firmness, ascorbic acid, and anthocyanin content (Abu Zeid et al., 2023; Keutgen & Pawelzik, 2007; Turhan et al., 2013). The reason that these changes occurred in the fruit was likely due to alterations of source–sink relationships and disruptions of metabolic processes caused by salt stress (Pfeiffer et al., 2010). Salinity-induced alterations in strawberry growth, yield performance, and fruit quality attributes at different electrical conductivity (EC) levels are summarized in Table 1.

Table 1. Effects of salinity levels on growth, yield, and fruit quality traits in strawberry under saline conditions.

	Salinity Level
 (EC, dS m⁻¹)
	Growth Effect
	Yield Loss
	Fruit Quality Impact

	0.8–1.0 (threshold)
	Minimal
	0–10%
	TSS slightly ↑

	1.5–2.5
	Leaf expansion ↓ 20–40%
	20–33%
	Acidity ↑, firmness ↓

	4.0–6.0
	Severe stunting
	60–80%
	Sugars ↓, phenolics content variable



 3. PHYSIOLOGICAL AND BIOCHEMICAL MECHANISMS OF SALINITY STRESS IN STRAWBERRY
3.1 Osmotic and Ionic Components of Salt Stress 

The primary mechanism of salt-induced stress is an osmotic effect caused by the increasing concentration of NaCl in the root zone, which causes a decrease in soil water potential and make available water difficult to use by plant. This leads to physiological drought like condition affecting overall plant growth and development (Munns & Tester, 2008; Munns, 2002). Once the osmotic stress has been overcome, the plant enters into an ionic toxic phase. During this time, the leaves accumulate high levels of Na⁺ and Cl⁻ until these ions reach harmful concentrations and interfere with normal function of the photosynthesis apparatus, membrane stability, and enzyme activity (Khayyat et al., 2009; Keutgen & Pawelzik, 2007; Ulrich et al., 2014).

Strawberry plants exhibit a greater capacity to absorb Na⁺ and Cl⁻ than do many salt-tolerant species. Tolerant varieties of strawberries have maintained higher K⁺/Na⁺ ratios in their leaves, and have restricted Na⁺/Cl⁻ transport to the shoots compared to non-tolerant varieties (Abu Zeid et al., 2023; Ulrich et al., 2014). Additionally, salinity stress also impacts the ability of strawberry plants to maintain adequate amounts of leaf Ca²⁺ and Mg²⁺ necessary to maintain membrane integrity and proper functioning of enzymes (Yildirim et al., 2009). As such, the detrimental effects of salinity on strawberry plants are extensive. Stress induced by salinity affects strawberry plants at multiple levels including: osmotic imbalances, ionic toxicity, oxidative stress, membrane destabilization, and interference with normal functioning of photosynthesis (Mozafari et al., 2019).

[image: ]Simultaneously to these adverse effects, strawberry plants have developed a number of adaptive mechanisms to counteract the negative effects of salinity. These mechanisms include antioxidant defenses, accumulation of osmolytes, hormone-mediated signals involved in ion transport regulation, and changes in gene expression associated with maintaining physiological balance within cells (Figure 1).

Fig. 1. Integrated physiological, biochemical, and molecular responses of strawberry to salinity stress.

3.2 Oxidative Stress and Antioxidant Defense

Excessive amounts of salt can lead to an increase in reactive oxygen species (ROS) which are formed in the chloroplast, mitochondria, and peroxisomes. Prolonged salt stress exposure elevates hydrogen peroxide, malondialdehyde (MDA), and electrolyte leakage, which indicates lipid peroxidation and membrane damage (Terzi et al. 2018; Ulrich et al., 2014).

In response to this, strawberry activates enzymatic systems that neutralize ROS through their antioxidant activity (Neocleous et al., 2012). These systems include superoxide dismutase (SOD), catalase (CAT), and peroxidases (POD and APX), as well as non-enzymic antioxidants such as ascorbate and polyphenols (Galli et al., 2016; Kang & Saltveit, 2011). When subjected to long periods of NaCl treatment, tolerant varieties show significantly greater levels of SOD, CAT, and POD and exhibit less MDA than sensitive varieties. Therefore, it appears that antioxidant capacity may be a critical element for developing salt tolerance in strawberries (Abu Zeid et al., 2023;Terzi et al., 2018). Exogenous salicylic acid application on strawberry plant before salinity stress showed elevated antioxidant enzymes activity, better osmolyte content in salt treatment (Jamali et al., 2016; Lamnai et al., 2021; Samadi et al., 2019). Exogenous zinc oxide nanoparticles or hydrogen-rich water treatment has provided additional evidence that both types of treatments help decrease ROS accumulation in salt-stressed strawberry plants (Abu Zeid et al., 2023; Wang et al., 2025). 

3.2 Osmolyte Accumulation and Metabolic Adjustment

Salinity triggers a range of responses by plants that include the production of compatible solutes (osmolytes) like proline, soluble carbohydrates, and specific amino acids, which help with both osmotic regulation and membrane/protein protection from oxidative damage via reactive oxygen species (ROS), and also contribute to the ability of plants to protect themselves against ROS (Gill & Tuteja, 2016). Studies have shown that proline and soluble carbohydrate levels increase in strawberry leaf tissue when exposed to salt (NaCl), and increases in these compounds are greater in strawberry varieties known for their tolerance to salt (Galli et al., 2016; Terzi et al., 2018). Humic acid/bio-stimulants may also be able to assist in reducing an overaccumulation of proline and malondialdehyde (MDA) in strawberry tissues subjected to NaCl stress (Dikilitaş & Dikilitaş (2021))

Additionally, mild salt stress and ABA-dependent signalling can modify secondary metabolism in strawberry fruits. As indicated above, moderate NaCl or drought enhances phenylpropanoid pathway activity, leading to increases in phenolic compounds, anthocyanins, and ascorbic acid without significant yield reductions (Galli et al., 2016; López Mondéjar et al., 2020). These modifications can lead to an improvement in the functional quality of strawberries. Under severe salinity, however, the overall disruption in metabolism results in decreases in both yield and quality (Passa et al., 2026).

3.3 Molecular and Transcriptomic Responses

Physiological responses to salinity involve early Ca²⁺ signalling, ROS production, and hormone (particularly ABA) signalling dynamics, ultimately influencing transcription factors and downstream stress-responsive genes (Gill & Tuteja, 2016; Van Zelm et al., 2020). Under NaCl stress, combined transcriptomic and metabolomic studies in strawberry identified ABC transporters, cell wall-modifying enzymes, and flavonoid biosynthetic genes as being responsible for the differentiation between tolerant and sensitive strawberry genotypes (Li et al., 2022). A study demonstrated that salt tolerant variety showed better growth maintenance, enhanced accumulation of anthocyanin and upregulated expression of MYB5 transcription factor (Kula et al., 2025). In contrast to sensitive varieties, tolerant strawberry varieties exhibit much greater expression of genes involved in ion transport, ROS detoxification, and phenylpropanoid pathways, along with accumulation of protective metabolites (Li et al., 2022; Wang et al., 2025).

ABA-dependent responses under salt and drought stress in strawberry include up-regulation of ABA biosynthetic genes along with an increase in endogenous ABA in leaves and fruits, which affects stomatal function and activates phenylpropanoid and L-ascorbate pathways (Crizel et al., 2020; Gill et al., 2024; López Mondéjar et al., 2020). The ABA-mediated responses contributed to improvements in antioxidant composition of strawberry fruits under mild stress conditions. In contrast, excessive ABA and longer exposure to salinity result in negative impacts on growth and yield.

4. Biological and Agronomic Strategies to Mitigate Salinity in Strawberry
4.1 Biostimulants and nanomaterials

There are many scientific studies on biostimulants and nanoparticle technologies for enhancing the tolerance of strawberry to salinity through modulation of antioxidant defense systems, ion homeostasis, and osmotic adjustments. For example, foliar spray applications of selenium nanoparticles (Se NPs) at concentrations of 10–20 mg L⁻¹ substantially alleviated the detrimental impacts of soil salinity (0–75 mM NaCl) on growth and yields of strawberry plants, while maintaining photosynthetic pigments and increasing proline, soluble sugars, and antioxidant enzyme activities (Soleymanzadeh et al., 2020; Zahedi et al., 2019). Se NPs also positively affected fruit quality by increasing the amounts of organic acids and sugars, indicating their dual functions in alleviating stress and enhancing quality (Soleymanzadeh et al., 2020).

Silicon (Si) has also been recognized as an effective strategy for alleviating salinity stress in strawberry. Foliar sprays of nano silica, organic silica, potassium silicate, or stabilized silicic acid at concentrations of 30 mg L⁻¹ under salinity induced increases in chlorophyll content, decreased lipid peroxidation, and improved shoot biomass and fruit yields. Among these treatments, stabilized silicic acid and potassium silicate performed best (Alnayef et al., 2022; IranBakhsh et al., 2022; Kashani et al., 2025). When combined with activated carbon, Si further increased ion redox homeostasis and modified the rhizosphere microbiota of salt-stressed strawberry to decrease the amounts of Na⁺ ions accumulated in the shoots and improve K⁺/Na⁺ ratios (Sun et al., 2026). Improved performance of Si nanoparticles similar to those described here has been documented for several crop species (Alam et al., 2022; Gill et al., 2024; Li et al., 2025) suggesting the potential applicability of this technology for various agricultural commodities as a means of alleviating abiotic stresses.

4.2 Arbuscular Mycorrhizal Fungi and Beneficial Microbes

Arbuscular mycorrhizal fungi (AMF) assist plants in tolerating salinity through improved nutrient acquisition, maintaining ion homeostasis, enhancing water status within plant tissues, and modulating antioxidant defense systems (Begum et al., 2019; Evelin et al., 2009). In strawberry, inoculation with AMF species such as G. mosseae or mixed mycorrhizal inoculum enhanced growth parameters of strawberry plants cultivated under saline irrigation conditions while decreasing the concentration of Na⁺ ions accumulated in leaves. Additionally, inoculated plants showed an increase in free amino acids and enhanced overall vigor (Bahouq et al., 2025). Enhanced P, K, and Ca uptake by AMF-inoculated plants reflected better maintenance of K⁺/Na⁺ ratios in these plants (Bahouq et al., 2025; Hui et al., 2025). Moreover, using mixture of AMF species (F. caledonius and F. mosseae) can significantly improve salt tolerance by increasing root shoot biomass and root architecture (Sinclair et al., 2014). 

Plant growth-promoting bacteria (PGPB) have also been demonstrated to ameliorate salt stress in strawberry by producing hormones (phytohormones), ACC deaminase, and exopolysaccharides and by increasing antioxidant activity (Arıkan et al., 2020; Karlidag et al., 2013; Koc et al., 2016). Combined effect of PGPR + organic fertilizer markedly improved fruit weight, fruit yield and antioxidant defence in strawberry under saline condition (Yavuz et al., 2024).  However, in comparison to AMF, studies focusing on effects of PGPB on salt-stressed strawberry are very limited. Research conducted on a variety of crops suggests that properly designed consortia of microorganisms could serve as complementary components of integrated management strategies for addressing salinity stress.

4.3 Piriformospora indica and Potential Application in Strawberry

Piriformospora indica is a root endophyte that has received considerable attention since it can be produced on a large scale axenically, colonize a wide array of host plants, promote plant development, and enhance tolerance to multiple abiotic stresses including salinity (Gill et al., 2023; Hassani et al., 2019; Varma et al., 1999). Tomato studies demonstrated that inoculation with P. indica resulted in increased NPK uptake by tomato plants growing under NaCl stress; increased K⁺/Na⁺ homeostasis through upregulation of key ion transporter genes [e.g. NHX1, SOS1 (SALT OVERLY SENSITIVE 1), CNGC15]; maintained higher leaf water status; and sustained higher photosynthetic rates, resulting in enhanced growth and survival (Abdelaziz et al., 2019). Colonization of date palms by P. indica resulted in increased chlorophyll content, biomass production, and antioxidant enzyme activities [superoxide dismutase (SOD), peroxidase (POD)] and reduced Na⁺/K⁺ ratios in both roots and leaves under salinity, indicative of improved salt tolerance (Sabeem et al., 2022). 

In terms of mechanism, P. indica alters hormone signalling (auxin, gibberellin (GA), and jasmonic acid), enhances antioxidant defense systems, modifies ion transport, and enhances root morphology and nutrient acquisition (Li et al., 2023; Varma et al., 1999; Zhang et al., 2022). Based on previous reviews, P. indica-induced salinity tolerance in crops can be described in four steps: improved nutrient acquisition, enhanced K⁺/Na⁺ homeostasis, enhanced ROS scavenging, and sustained photosynthetic efficiencies (Li et al., 2023; Mu et al., 2025). While very few prior research (Abdelaziz et al., 2024) has directly investigated the interaction between P. indica and strawberry under salinity stress conditions, the similarities in physiological limitations indicate that strawberry could potentially utilize P. indica-derived bioinoculants as part of an integrated strategy that combines Si or other biostimulants. Recent advances indicate that nanomaterials, microbial bio-stimulants, and endophytic systems can mitigate salinity stress in strawberry through coordinated regulation of physiological, biochemical, and molecular defense mechanisms (Table 2). These interventions primarily function through enhancement of antioxidant capacity, maintenance of ion homeostasis, modulation of osmotic balance, and stabilization of photosynthetic processes under saline conditions. 

Table 2. Biological and nano-enabled interventions mitigating salinity stress in strawberry through regulation of ion homeostasis, oxidative balance, and physiological resilience.

	Intervention
	Functional Category
	Primary Mechanistic Target
	Key Physiological/
Molecular Responses
	
	Agronomic Outcome
	References

	ZnO nanoparticles (ZnO NPs)
	Nanomaterial
	Antioxidant activation and osmotic adjustment
	Increased antioxidant enzyme activity and proline accumulation
	
	Improved tolerance to oxidative stress
	Zeid et al., 2023

	Fe₃O₄ nanoparticles + salicylic acid
	Nano-elicitor system
	ROS detoxification and membrane protection
	Enhanced enzymatic activity and protein content; reduced H₂O₂ and MDA accumulation
	
	Reduced oxidative injury under salinity
	Mozafari et al., 2018

	Silicon nanoparticles (SiNPs) + methyl jasmonate
	Nano-biostimulant
	Stress-responsive signaling and membrane stabilization
	Enhanced proline accumulation and upregulation of DREB, APX, and Mn-SOD genes
	
	Improved physiological tolerance to salinity
	Moradi et al., 2022

	Silicon nanoparticles (SiNPs)
	Nanomaterial
	Ion homeostasis and growth regulation
	Improved biomass accumulation and plant productivity under saline conditions
	
	Enhanced growth performance
	Avestan et al., 2019

	Silicon + activated carbon
	Integrated biostimulant
	Na⁺/K⁺ homeostasis and redox regulation
	Reduced oxidative damage and improved ion balance
	
	Increased plant survival and stress resilience
	Sun et al., 2026

	Arbuscular mycorrhizal fungi (AMF)
	Microbial biostimulant
	Nutrient acquisition and photosynthetic protection
	Improved photosynthetic pigments and nutrient uptake efficiency
	
	Enhanced growth and physiological performance
	Fan et al., 2024

	Plant growth-promoting rhizobacteria (PGPR)
	Microbial biostimulant
	Rhizosphere-mediated stress alleviation
	Improved nutrient uptake and physiological stability
	
	Increased fruit quality and yield
	Yavuz et al., 2024

	Piriformospora indica
	Endophytic fungal biostimulant
	Antioxidant activation and root physiological enhancement
	Enhanced photosynthetic pigments and antioxidant activity
	
	Improved growth and salinity resilience
	Abdelaziz et al., 2024



Integrated rhizosphere engineering strategies involving beneficial microbial interactions, endophytic associations, and nano-enabled interventions contribute to salinity tolerance in strawberry through coordinated regulation of ion homeostasis, membrane stability, antioxidant defense, and root-zone physiological processes (Figure 2).
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Fig. 2. Integrated rhizosphere engineering strategies for enhancing salinity tolerance in strawberry (Fragaria × ananassa).


4.4 Integrating Biological Approaches with Agronomic Management

For maximizing salinity tolerance in strawberry, it is desirable to integrate biological approaches with traditional agronomic practices such as improved drainage systems, optimal irrigation schedules, utilization of the highest-quality water whenever feasible, and fertilizer applications based on established standards (Savvas et al., 2008; Roshdy et al., 2021). Utilizing salt-tolerant cultivars with Si-based foliar sprays and/or AMF/P. indica inoculum could represent a multifaceted strategy: physio-chemical reduction of stress intensity, improvement in water and nutrient acquisition, and stimulation of antioxidant and ion-homeostatic systems (Alnayef et al., 2022; Passa et al., 2026). Future investigations need to assess integrated strategies utilizing all three approaches at field scale across diverse strawberry cultivar/soil matrices to develop practical agronomic solutions.

5. GENOTYPIC VARIATION AND BREEDING FOR SALT TOLERANCE IN STRAWBERRY

5.1 Genotypic differences in salt response

Variability in how strawberry cultivar respond to salinity has been observed across both commercial breeding program and wild relative/cultivated strawberry species (Passa et al., 2026; Ulrich et al., 2014;). Studies comparing different commercial strawberry cultivars ('Camarosa', 'Albion' and 'Chandler') have demonstrated clear differences in the way that cultivars grow under salinity (i.e. NaCl) including plant damage, leaf injury, ion accumulation and yield (Al-Ibrahim et al., 2013; Sun et al., 2015; Ulrich et al., 2014), which indicates that while salt tolerance may be inherent in some strawberry species it can also vary depending on the genetic background of each genotype (Al-Ibrahim et al., 2013; Ulrich et al., 2014). Tolerant genotypes typically retain a higher level of relative water content than non-tolerant genotypes and experience lower levels of chlorosis and necrosis as well as higher biomass and fruit yields at moderate salinity levels (Abu Zeid et al., 2023; Al-Shorafa et al., 2014; Sandhu et al., 2019).

Wild strawberry species such as Fragaria chiloensis are better adapted to saline growing environments than cultivated strawberry species such as Fragaria x ananassa, because they can more effectively prevent Na+ and Cl- ions from entering the cell, maintain a stable K⁺/Na⁺  ratio and minimize oxidative stress (Alnayef, 2012; Passa et al., 2026).

Because of their superior tolerance characteristics, wild strawberry accessions are useful sources of tolerance for breeding purposes. However, one major challenge to incorporating wild strawberry tolerance into cultivated backgrounds lies in the fact that wild strawberries possess different architectures for the fruit and plant compared to cultivated strawberries (Passa et al., 2026).

5.2 Physiological and Molecular Traits Linked to Tolerance

Strawberry varieties that are salt tolerant exhibit a combination of physiological attributes, which include superior limitation of the movement of Na⁺ and Cl⁻ into leaves, improved retention of photosynthesis and chlorophyll, greater activity of antioxidants, and larger amounts of compatible solutes (soluble sugars and proline) (Abu Zeid et al., 2023; Terzi et al., 2018).

For instance, differences between tolerant and sensitive strawberry varieties can be observed by comparing their leaf tissue K⁺/Na⁺ ratio and malondialdehyde (MDA) concentration after exposure to prolonged concentrations of 250 mM sodium chloride. The tolerant varieties exhibited significantly higher leaf tissue K⁺/Na⁺ ratios and less MDA production compared to the sensitive varieties (Ulrich et al., 2014).

Transcriptomics has also been used to identify differentially expressed ion transporter genes (vacuolar Na⁺/H⁺ antiporters, plasma membrane transporters, etc.), abiotic stress-related transcription factors (such as NAC family, MYB family, WRKY family, etc.) and phenylpropanoid pathway-related enzymes in strawberry under saline conditions (FaNAC2 study, 2020; Li et al., 2022; Yang et al., 2024). As well as identifying gene expression differences, tolerant varieties typically express these genes at much higher levels compared to sensitive varieties when subjected to NaCl treatment (Li et al., 2022). This is consistent with research across many different plant species demonstrating that salt tolerance is dependent upon coordination of ion homeostasis, reactive oxygen species detoxification, and osmolyte biosynthesis (Gill & Tuteja, 2016).

5.3 Breeding and Selection Strategies

Breeding salt-tolerant strawberries is challenging because they have an octoploid genome, exhibit very strong heterozygosity, and possess many important quality characteristics associated with fruit production. However, multiple breeding strategies may be employed simultaneously (Passa et al., 2026). The first strategy involves utilizing intra-specific variation within commercial strawberry varieties and advanced breeding lines through physiological screening under controlled salinity conditions (Thakur & Singh, 2020). Physiological screening allows breeders to measure parameters including leaf ion content, chlorophyll retention, and relative water content to identify genotypes exhibiting tolerance to salinity (Al-Ibrahim et al., 2013; Ulrich et al., 2014). The second strategy involves introgression of favorable alleles for ion homeostasis and stress resistance from wild relatives of strawberry, such as F. chiloensis. Introgressed alleles are then used in subsequent generations via backcrossing with existing cultivar germplasm to reconstitute desirable fruit and plant characteristics (Passa et al., 2026).

In addition to these two strategies, advances in genomic information for strawberry have made it possible to employ additional techniques such as marker-assisted selection (MAS) and genomic selection (GS). Utilizing MAS or GS, researchers are able to use quantitative trait loci (QTL) and/or candidate genes involved in abiotic stress tolerance (including ion transporters, transcription factors, and antioxidants) to develop markers that will facilitate accelerated breeding progress toward developing strawberry varieties with salt tolerance (Gill & Tuteja, 2016; Li et al., 2022). Furthermore, the combination of physiological markers with molecular markers provides greater reliability when selecting salt-tolerant genotypes at all stages of the breeding process and across different environments (Passa et al., 2026). Strawberry producers can begin immediately taking advantage of this knowledge by selecting cultivars that have been identified to grow well under saline irrigation conditions. Over time, breeding programs can develop new high-quality strawberry cultivars with integrated salt tolerance characteristics.

6. KNOWLEDGE GAPS AND FUTURE PERSPECTIVES

6.1 Limitations of Current Salinity Research in Strawberry

The majority of research on salinity in strawberries has been done in controlled environments like potted soil and greenhouses for a relatively short time frame with a very small range of salt concentrations. This does not accurately depict what happens in the field when salts vary by location and interact with different types of environmental stresses like heat or drought (Galli et al., 2016; Ulrich et al., 2014). In addition, many researchers limit their studies to a select number of commercial varieties and do not adequately assess the response of larger sets of germplasm including landraces, breeding lines, and wild relatives under actual farm conditions (Passa et al., 2026). Finally, while most experiments evaluate plant response through measures of yields and quality after one growing season, they provide little information about how plants will continue to grow and develop when soils and irrigation systems become increasingly saline over longer periods of time.

On the mechanistic side, the current state-of-the-art is also not well represented because although there have been many studies examining antioxidant responses, osmolyte production, and transcriptome changes due to salt stress, there have been very few studies that integrate all three of those areas at once using the same experimental design, and even fewer that examine them in multiple varieties (LópezMondéjar et al., 2020; Li et al., 2022). Therefore, it is difficult to convert laboratory-based results into robust selection criteria or management strategies that can be used across environments and genetic backgrounds (Tuteja & Gill, 2016).

6.2 Gaps in Biological Mitigation Strategies

Biostimulants like silicon and selenium nanoparticles hold great promise as an approach to mitigate salt stress. However, more needs to be understood about best dose rates for biostimulants, when they should be applied, their interaction with other inputs, and what long-term environmental risks are associated with repeated applications of nanoparticles (Abdi et al., 2023; Soleymanzadeh et al., 2020). Large-scale field validation and cost–benefit analysis of this technology have been limited, so farmers may find it challenging to determine if these products will provide a financially and environmentally safe solution in a commercial environment (Passa et al., 2026).

The beneficial effects of arbuscular mycorrhizal fungi and plant growth-promoting bacteria on salt tolerance have been demonstrated in many crop plants. However, findings in strawberry are still very limited and most data on strawberry relate to only a few strains of fungi or a simple inoculation procedure (Bahouq et al., 2025; Evelin et al., 2009). As such, there is a need for research to identify effective combinations of microbes (e.g. combinations of AMF, PGPR, and endophytic fungi) and to test the effectiveness of these combinations at various soil types and salinity levels. Additionally, research is needed to investigate how microbial consortia used in strawberry production systems can interact with fertilizer regimens and bio-stimulant treatments (Begum et al., 2019; Li et al., 2023).

6.3 Piriformospora indica as a Future Tool for Strawberry

The application of the plant endophyte Piriformospora indica (also known today as Serendipita indica) to various crops demonstrates a positive impact on their growth performance and ability to withstand environmental stresses. Indications include improvements to nutrient acquisition processes, enhancements to antioxidant defense systems, enhanced photosynthetic efficiency and alterations in hormonal pathways and ion transport (Li et al., 2023; Liang et al., 2025; Raeisi et al., 2024; Varma et al., 1999). A study conducted on barley indicated that when the roots were colonized by P. indica, grain yields from these plants were higher than those without the symbiotic relationship. Barley was also found to be more tolerant to mild salinities (i.e. low salt concentrations) and had an enhanced ability to resist infection by root- and leaf-infecting pathogens due to the increase in antioxidative capacity throughout the entire plant and activation of the glutathione–ascorbate cycle (Waller et al., 2005). Similarly, it is believed that the same potential exists for tomato, date palm, fenugreek, rice and short rotation woody crops like Paulownia. Specifically, inoculation resulted in improved K⁺/Na⁺ homeostasis, improvement in water relations, improvement in root architecture, and enhancement in antioxidant enzyme activity under conditions of salinity and drought (Abdelaziz et al., 2019; Jogawat et al., 20216;; Meena et al., 2023; Zhang et al., 2025).

A significant research gap still exists regarding the association between Piriformospora indica and strawberry. There are currently few peer-reviewed studies documenting the effects of Piriformospora indica colonization on strawberry plants exposed to salinity.

Given that strawberries have very shallow root systems, accumulate large amounts of sodium chloride ions during periods of salinity, and depend upon optimal water and nutrient uptake, it is logical that mechanisms by which Piriformospora indica enhances the stress tolerance of other crops could similarly be beneficial for strawberry plants. Enhanced root growth, increased uptake of phosphorus and nitrogen, better potassium to sodium ratio, and antioxidant enzyme activity (Li et al., 2023; Varma et al., 1999) are examples of such mechanisms. The results of systematic experiments that involve the use of different concentrations of NaCl, Si or other biostimulants in different strawberry cultivars that have been pre-inoculated with P. indica could be considered an ideal example of a proof-of-concept study on the potential of further research in this field.

6.4 Proposed Research Directions

Recent literature has identified several important knowledge gaps that must be addressed to improve our understanding of strawberry responses to salt stress and to develop long-term management strategies for saline conditions. Long-term, field-scale studies are needed to evaluate the effects of increasing salinity on different strawberry cultivars grown under diverse environmental conditions and to assess impacts on yield and fruit quality. Such studies would provide valuable insight into plant performance under commercial cultivation systems.

In the long term, integrated “omics” approaches involving transcriptomics, metabolomics, and ionomics should be applied to both tolerant and susceptible strawberry cultivars. These approaches could improve understanding of the physiological, biochemical, and molecular mechanisms associated with salinity tolerance. The resulting information may support the development of improved breeding lines and precision management strategies for strawberry cultivation.

Further research is also needed to optimize bio-stimulant applications. Silicon (Si)- and selenium (Se)-based biostimulants have shown beneficial effects in strawberry; however, limited information is available regarding appropriate application rates, timing, and their interactions with nutrients under saline conditions. In addition, more attention should be given to assessing the environmental risks associated with nanoparticle application in agriculture.

Another promising area involves the development of microbial consortia consisting of arbuscular mycorrhizal fungi (AMF), plant growth-promoting rhizobacteria (PGPR), and fungal endophytes such as Piriformospora indica. Future studies should investigate the compatibility of these microorganisms, their root colonization efficiency, and their interactions with nutrient management practices under saline conditions. Targeted investigations on P. indica in strawberry are also required to evaluate its effects on plant growth, ion homeostasis, antioxidant defense systems, and yield under varying salinity levels across different cultivars. Moreover, the potential synergistic effects of combining P. indica with AMF, PGPR, or silicon supplementation under salt stress conditions should be explored.
Addressing these knowledge gaps will improve our understanding of strawberry responses to salinity and support the development of integrated and biologically based approaches for enhancing salt tolerance and sustaining strawberry production in saline soils. Future development of salinity-resilient strawberry production systems will likely depend on the integration of genomics, transcriptomics, metabolomics, ionomics, microbiome engineering, predictive breeding, nanotechnology, and AI-assisted phenotyping within a systems-biology framework (Figure3). Such multidisciplinary integration may accelerate the identification of stress-resilient genotypes and support the development of climate-smart strawberry cultivation strategies under saline environments. 
[image: ]
Fig. 3. Systems-level integration framework for salinity-resilient strawberry cultivation.

7. CONCLUSION

Soil salinity is becoming a significant problem for strawberry production due to expanding cultivation into semi-arid regions and increased use of marginal-quality irrigation water. Strawberry has inherent salt sensitivity; moderate levels of soil salinity may significantly limit growth, yield, and fruit quality. Therefore, salinity management becomes a priority for sustainable strawberry production.

Research indicates that tolerance to salinity in strawberry results from coordinated control of Na⁺ and Cl⁻ uptake, preservation of photosynthetic performance, maintenance of K⁺/Na⁺ homeostasis, and efficient antioxidant and osmolyte responses. There is genotypic variation among commercial cultivars and wild Fragaria species, especially regarding salt-tolerant traits. These results show that targeted selection and breeding techniques may lead to improved salt tolerance in strawberries if there is sufficient availability of both reliable genetic and/or molecular markers, and physiologic markers. 
Beyond breeding strategies that focus on improving the genetic makeup of strawberries, agronomic and biological intervention technologies provide additional tools to complement breeding efforts. For instance, bio-stimulants based upon silicon and selenium, arbuscular mycorrhizae, plant growth promoting rhizobia and other beneficial microorganisms including endophytes like Piriformospora indica have each demonstrated ability to enhance nutrient acquisition while also increasing ion and redox homeostasis stability. Most of these studies, however, have utilized small populations of genotypes under controlled environmental conditions and for relatively short periods. In addition, few studies have evaluated how combinations of these technologies perform when applied together under field conditions. 

As a result, any continued advancement in research will depend upon development of an integrated strategy where salt tolerant strawberry varieties are combined with optimized bio-stimulant regimens, appropriate microbiological inoculum and proper use of water and soil management practices. Long term (multi-year) experiments performed across multiple geographic locations using comprehensive physiological evaluations along with genomic expression analysis, metabolic analysis and ion composition analysis would be necessary to identify effective markers and management options to achieve long lasting salt tolerance in strawberry. A thorough investigation into the association between Piriformospora indica and strawberries under saline conditions represents a significant opportunity for advancing the science from fundamental mechanisms toward innovative solutions for growers.
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