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Salicylic acid (SA) is a non-enzymatic phenolic compound that functions as an
endogenous planthormone. It playsapivotal role in modulating plant responses
under stress conditions by regulating metabolic activities, maintaining osmotic
balance, promoting stomatal closure, and reducing transpiration and ethylene
production. Additionally, SA enhances the activity of antioxidant systems,
facilitates ion uptake, and increases the accumulation of insoluble sugars
by inhibiting glucokinase activity. It also stimulates certain defense-related
enzymes, strengthens plant resistance against fungal pathogens, and induces
structural modifications in leaves and chloroplasts. These physiological
changes collectively contribute to improved plant growth, higher yields, and
better fruit quality. Sulfur (S), classified as a macronutrient, is essential for
plant development due to its role in synthesizing sulfur-containing amino
acids such as methionine, cysteine, and cystine, which together constitute
approximately 90% of sulfur content in plant tissues. Sulfur is also required
for the biosynthesis of coenzyme A, a critical component in the metabolism of
amino acids, fatty acids, and intermediates of the citric acid cycle. Moreover, it
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is vital for chlorophyll formation and is a structural component of iron-sulfur
(Fe-S) proteins within chloroplasts, including ferredoxin. In calcareous soils,
where pH levels are typically > 7.2, sulfur application effectively lowers soil
pH, thereby enhancing the availability of micronutrients that are crucial for
optimal plant growth and development.
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1. INTRODUCTION

The strawberry (Fragaria x ananassa Duch.) is a perennial
herbaceous plant that is a member of the Rosaceae family’s
genus Fragaria (Soppelsa et al, 2023). There are around 24
species of Fragaria known to exist worldwide, most of which
are indigenous to China, which at the moment has the largest
genetic reservoir of wild strawberry species (Yang et al., 2020). In
the middle of the 18th century, two American species—Fragaria
virginiana from North America and Fragaria chiloensis from
South America—naturally hybridized in European botanical
gardens, giving rise to the contemporary cultivated strawberry.
The hybrid species that is now commonly cultivated is the result
of this hybridization. Strawberries’ great degree of adaptability
and extensive cultivation across a variety of climatic locations
make them valuable both commercially and nutritionally
(Soppelsa et al.,, 2023). According to statistics released by the
Food and Agriculture Organization (FAO) in 2022, there were
around 397,603 hectares of strawberry cultivation worldwide,
with 9,569,864 metric tons of output. With 3,354,803 tons, China
was the world’s top producer, followed by the US (1,261,890
tons) and Turkey (728,112 tons). Strawberry fruits are high
in organic acids, vital vitamins, minerals, and natural sugars.
Along with phenolic chemicals and antioxidants (Wang et al.,
2019), they also include digestive enzymes that make them
easier to digest (Palei et al., 2016). Numerous health advantages,
such as anti-inflammatory, cardioprotective, antihypertensive,
anti-obesity, and anticancer properties, are linked to these
bioactive substances. Evidence also points to possible
functions in promoting neurological health. Strawberries are
one of the most often eaten little fruits in the world because
of these qualities and their general appeal. Additionally, their
adaptability facilitates a broad variety of commercial uses,
especially in the manufacturing of baked products, ice cream,
sweets, and preserves (Giampieri et al., 2014). In plant systems,
salicylic acid (SA) is becoming more widely acknowledged as
an eco-friendly substitute for traditional chemical regulators.
It is an endogenous phytohormone and a member of the class
of non-enzymatic phenolic chemicals. SA has a molecular
weight of 138.12 g/mol and the chemical formula C HO, (or
C.H,(OH)COOH). It is produced in the plant mostly from the
amino acid phenylalanine via metabolic processes including the
chemical salicin and is part of a family of similar compounds
known as salicylates. Salicylic acid belongs to the family of
hydroxylated aromatic chemicals since it structurally consists
of an aromatic ring that has been replaced with a hydroxyl
group (Borsani et al., 2001). Plant tissues contain salicylic acid
in a variety of forms, such as free, methylated, glycosylated,
glucose-esterified, or conjugated with amino acids. It performs
a variety of physiological functions, particularly in the face
of abiotic stressors as cold, drought, and salt (Sofy et al,
2020). According to Naeem et al. (2020), SA helps to maintain
osmotic equilibrium, control stomatal closure, improve ion
absorption, increase antioxidant enzyme activities, and lower
transpiration and ethylene generation rates. By modifying
plant metabolic processes and stress response pathways, it also
affects growth and developmental processes (Jiang & Asami,
2018). Salicylic acid effectively activates intricate signaling
networks linked to plant responses to environmental stresses,

even at low concentrations (Wani et al, 2017). Additionally, SA
facilitates important changes in the developmental dynamics
of horticultural crops by controlling both internal and external
stimuli (Kazan & Manners, 2012). By inhibiting glucokinase
activity and increasing the activity of other defense-
related enzymes, it also encourages the buildup of insoluble
carbohydrates. This results in structural changes to the
architecture of the leaves and chloroplasts, as well as enhanced
resistance to fungal infections and other plant diseases (Yousif
& Yousif, 2019).

2. LITERATURE REVIEW

2.1. Effect of foliar salicylic acid application on strawberry
plant development

Salicylic acid (SA) foliar treatment has been shown in several
studies to have a beneficial effect on strawberry plants’
vegetative development. According to Yousif & Yousif (2019),
the number of crowns, number of leaves, leaf area, and total
chlorophyll content all significantly increased when SA was
applied at doses of 0, 138.12, 276.24, and 552.48 mg L™'. When
compared to other treatments, including the control, the
greatest benefits were seen at the concentration of 552.48 mg
L™ In a similar vein, Haghshenas et al. (2020) discovered that,
in comparison to untreated plants, foliar spraying with 207.18
mg L™ of SA considerably enhanced leaf area and chlorophyll
content. Compared to plants treated with 200 mg L™ or left
untreated, strawberry plants treated with 100 mg L' SA
showed a significant increase in leaf number, leaf area, and total
chlorophyll content, according to a different research by Al-
Karawi et al (2023). Moreover, Roozkhosh et al. (2024) showed
that foliar application of SA at doses of 0, 138.12, and 207.18
mg L™ significantly enhanced a variety of vegetative indices,
such as total chlorophyll content, number of leaves, leaf area,
and number of shoots. The reaction was at its best at 207.18 mg
L. Comparing treatments with 0, 276.24, and 828.72 mg L™,
Ul Hasan et al. (2024) demonstrated that the application of SA
at 552.48 mg L™ substantially enhanced plant height, number
of leaves, and leaf area per plant. In comparison to lesser
concentrations and the control, Almutairi et al. (2024) observed
that SA treatment at 500 mg L™* produced better outcomes in
terms of individual leaf area and total chlorophyll content.
All things considered, the results of these investigations
point to the critical function salicylic acid plays in promoting
strawberry plants’ vegetative development. SA’s capacity to
promote photosynthesis by boosting chlorophyll production
and activating important photosynthetic enzymes may be
the cause of this impact (Hayat et al, 2014). Furthermore, SA
helps to control the metabolism of carbohydrates by increasing
the concentration of chlorophyll, which in turn improves the
synthesis and storage of assimilates required for the growth
of shoots and roots. Additionally, SA affects gas exchange and
stomatal control, which optimizes the internal CO, concentration
needed for effective photosynthesis (Rivas-San Vicente &
Plasencia, 2011). Additionally, SA increases the production of
antioxidant enzymes, which shield plants from abiotic stress,
by promoting the synthesis of photosynthetic pigments (Khan
et al., 2003) and modifying gene expression (Janda et al., 2020).
Together, these physiological reactions enhance food intake,
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postpone senescence, and promote general vegetative vigor.
According to Maruri-Lopez et al. (2019), SA may also promote
the growth of chloroplasts, which would help to further boost
the accumulation of chlorophyll. Salicylic acid functions as
a phytohormone that increases enzyme activity linked to
photosynthesis and nutrient absorption, hence fostering plant
growth and production (Al-Bayoumi et al., 2000).

2.2. Impact of foliar salicylic acid application on
strawberry plant flowering, fruit set, yield, and
quantitative and qualitative features

Numerous studies have examined the effects of applying
salicylic acid (SA) as a foliar spray on strawberry plants’
reproductive and yield-related characteristics. The positive
effects of SA on flowering dynamics, fruit development, yield
amount, and fruit quality indices have been shown in several
tests. In two growing seasons (2005-2007), Karlidag et al. (2009)
discovered that foliar spraying strawberry plants with salicylic
acid at concentrations of 0, 34.53, 69.06, and 138.12 mg L
resulted in a decrease in fruit acidity and a notable increase
in total yield, early fruit set, total soluble solids (TSS) in fruits,
and foliar nutrient content (N, P, K, Ca, and Mg). Comparing
SA application at 276.24 mg L™ to other treatments, Jamali et
al. (2011) found that it substantially increased the number of
flower buds, flowers per plant, fruits per plant, average fruit
weight, total yield, and fruit nitrogen content. The highest dose
tested (552.48 mg L) resulted in a significant increase in fruit
number per plant, average fruit weight, marketable yield, early
harvest ratio, TSS, and leaf nutrient concentrations, as well as a
decrease in acidity, as Youssef et al. (2017) showed. Using a range
of SA concentrations (0-966.84 mg L), these results held true
across two growth seasons (2013-2015). Comparing a low-level
SA treatment (13.81 mg L") to both the control and a higher
concentration (69.06 mg L™), Samadi et al. (2019) found that the
latter considerably increased marketable yield. Foliar spraying
at 552.48 mg L™ considerably prolonged the blooming time,
increased the number of flowers per plant, and enhanced overall
output, according to Yousif & Yousif (2019). Similarly, treatment
with 207.18 mg L™* SA dramatically increased strawberry fruit’s
overall yield, phenolic content, protein content, vitamin C levels,
and peroxidase enzyme activity, according to Haghshenas et al.
(2020). According to Zhang et al. (2022), applying 276.24 mg L™*
of SA raised the level of TSS, anthocyanin, and vitamin C while
lowering acidity. Under unheated greenhouse circumstances,
Roozkhosh et al. (2024) demonstrated that SA treatment at
207.18 mg L™ substantially increased fruit quantity, weight,
and total production while simultaneously lowering fruit
acidity. In comparison to other treatments (0, 250, and 1000
mg L"), Almutairi et al. (2024) found that SA foliar spray at
500 mg L substantially increased TSS, anthocyanin, and total
sugar content. Furthermore, 552.48 mg L™ SA improved fruit
weight, vitamin C, TSS, total and reducing sugars, catalase, and
peroxidase activity, surpassing both lower and higher dosages
used in their investigation (Ul Hasan et al., 2024). All things
considered, the results of these investigations lend credence
to the idea that salicylic acid benefits strawberry fruit quality
and reproductive development. SA’s function in hormone
modulation and photosynthetic efficiency enhancement is

probably responsible for the increases in fruit output and
quality. Salicylic acid may decrease the photoperiod needed
for flowering initiation, allowing for faster and more prolific
blooming (Luo et al, 2022). Furthermore, SA affects the balance
of phytohormones such cytokinins, auxins, and abscisic acid
(ABA), which might alter flowering responses and nutrient
distribution, according to Mady (2009). Key elements (N, P,
K, Ca, and Mg) accumulate more readily in vegetative tissues
when SA improves carbon absorption, photosynthetic activity,
and nutrient uptake. These elements are then transferred to
growing fruits (Karlidag et al, 2009a, 2009b). Furthermore, SA
delays senescence and improves nitrogen retention in plant
tissues by suppressing ethylene production, according to Jamali
et al. (2011). According to Singh and Singh (2008), applying
SA enhances the growth of grana lamellae and chloroplast
structures, which increases the synthesis of carbohydrates
and chlorophyll. These metabolic alterations improve fruit
fullness and production in general. Additionally, SA promotes
lateral root growth and root system activity, which improves
the absorption of nutrients and water (Hartwigsen & Evans,
2000; Dong et al., 2002). Salicylic acid also affects important
postharvest and quality-related characteristics. TSS content is
increased by its role in the breakdown of organic acids into
sugars and the slowing down of metabolic activities. Because
SA decreases transpiration and respiration and delays the
oxidation of ascorbic acid to dehydroascorbic acid, fruits retain
more vitamin C. According to Sah et al. (2024), SA increases
antioxidant activity via activating phenylalanine ammonia lyase
(PAL), which promotes the formation of phenolic compounds.
Furthermore, SA improves fruit colors and nutritional quality
by promoting the manufacture of photosynthetic pigments
including carotenoids and chlorophyll (Hayat & Ahmad, 2007;
Huang et al, 2004). Additionally, salicylic acid has a crucial
function in controlling water relations, stomatal movement,
ion absorption, and membrane permeability. It also affects how
plants react to abiotic stimuli such heat, drought, and exposure
to heavy metals (Meena et al, 2001; Arfan et al, 2007). Its
importance as a growth regulator in strawberry agriculture is
shown by these diverse physiological actions.

3. METHODOLOGY

3.1. Literature search strategy

This review was conducted following systematic approaches
to ensure comprehensive coverage and unbiased synthesis of
available research on the effects of salicylic acid (SA) spray and
sulfur fertilization on strawberry (Fragaria x ananassa) growth
and yield. Electronic databases including Web of Science,
Scopus, PubMed, ScienceDirect, Google Scholar, and AGRIS
were mined using a combination of keywords such as “salicylic
acid,” “sulfur fertilization,” “strawberry,” “growth,” “yield,” “fruit
quality,” and “plant physiology.” Searches included literature
published between 2000 and 2024 to capture recent advances
and historical background.

3.2. Inclusion and exclusion criteria
3.2.1. Studies were included if they-
Investigated the effects of exogenous salicylic acid application
(via spray/foliar treatments) and/or sulfur fertilization on
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strawberry plants, Reported on growth parameters, yield,
fruit quality, or physiological responses, Utilized field,
greenhouse, or controlled environment experimental designs
and Were published in peer-reviewed journals or as conference
proceedings in English.

3.2.2. Studies were excluded if they-

Focused solely on in vitro or non-crop model systems, Did not
specifically address strawberries, Lacked relevant data on plant
growth, yield, or fruit quality and Were review articles, opinion
pieces, or editorial notes.

3.3. Study selection and data extraction

All search results were imported into a reference manager (e.g.,
EndNote or Zotero), and duplicates were removed. Titles and
abstracts were screened for relevance. Full texts of potentially
eligible articles were then assessed independently by two
reviewers. Disagreements were resolved by discussion or
consultation with a third reviewer.

3.4. Data synthesis

Extracted data were synthesized qualitatively due to the
heterogeneity of experimental designs, treatment protocols,
and measured outcomes among the studies. Where possible,
trends and consistencies regarding the effects of SA spray
and sulfur fertilization on strawberry growth and yield were
identified and summarized. Contradictions and gaps in the
literature were noted.

3.5. Quality assessment

The methodological quality of included studies was appraised
using criteria adapted from established checklists (such as the
Cochrane Collaboration’s tool for experimental studies), with
attention to aspects such as replication, control treatments,
statistical analysis, and clarity in reporting of methods and
results.

4. RESULTS AND DISCUSSION

4.1. Sulfur

For all living things, including plants, to grow and develop,
sulfur (S) is a necessary macronutrient. It is essential to
several physiological and metabolic functions. Sulfur is found
in soils in a variety of forms, with organic matter accounting
for around 95% of the total. Sulfate (SO%") is the main type
of organic sulfur that plants may use when it breaks down.
Certain plants may collect sulfur gasses from the atmosphere
via their leaves in addition to soil sources. Sulfur is an essential
structural component that plants need to synthesize a number
of vital chemicals. It is a component of amino acids that
include sulfur, including methionine, cysteine, and cystine,
which together make up around 90% of the sulfur found in
plant tissues. Additionally, sulfur helps to produce essential
biomolecules such as phytochelatins, glutathione, biotin, and
thiamine. Cellular redox balance, enzyme control, protein
stability via disulfide bond formation, and general defense
mechanisms against infections and environmental stressors are
all impacted by these substances (Narayan et al., 2022; Al-Maeni,
2024). Additionally, sulfur is essential for the manufacture of

chlorophyll and for the activity of many different enzymes.
According to Havlin et al. (2005) and Al-Maeni (2024), it is a
crucial part of the ferredoxin and iron-sulfur (Fe-S) proteins
found in the chloroplasts, which are necessary for electron
transport and photosynthetic efficiency. The pH of calcareous
soils, like those often found in Iraq, frequently rises beyond
7.5, resulting in alkaline conditions that restrict the availability
of a number of vital elements, particularly micronutrients.
Since elemental sulfur leads to soil acidity, its application is
especially advantageous in these situations. When applied to
soil, elemental sulfur undergoes microbial oxidation—primarily
by Thiobacillus species—forming sulfuric acid (H,SO,), which
subsequently reduces the pH in the root zone (Tabatabai, 1994;
Havlin et al., 2005). This pH reduction enhances the solubility
and uptake of many nutrients required for optimal plant growth
(Abu Thai & Mu’ayyad, 1988; Al-Mu’ayini, 2024). Furthermore,
sulfur is indispensable for the biosynthesis of coenzyme A,
which facilitates the oxidation and synthesis of amino acids
and fatty acids, and participates in intermediary metabolism
through the citric acid (Krebs) cycle. The uptake of sulfur is
closely linked to nitrogen metabolism, as both elements are
required in tandem for protein synthesis. The balance between
nitrogen and sulfur in plant tissues is often used as a diagnostic
tool for assessing sulfur status. According to Zhao et al. (2008),
sulfur deficiency can be inferred when the nitrogen-to-sulfur
(N:S) ratio exceeds 15:1. Optimal plant growth is typically
supported when sulfur concentrations in dry matter exceed
0.2%, and the available sulfate content in soil solution ranges
from 3 to 5 mg kg™* (Narayan et al, 2022; Al-Maeni, 2024).

4.2. Effect of sulfur fertilization on the vegetative growth
of strawberry plants

Several studies have demonstrated the positive effects of
sulfur fertilization on the vegetative growth and physiological
performance of strawberry plants. Erdal et al. (2006) evaluated
the impact of soil-applied sulfur in the form of mineral sulfide
(containing 80% elemental sulfur) at application rates of
0, 500, and 1000 kg S ha™ on ‘Camarosa’ strawberry plants.
Their results indicated that the application of 500 kg S ha™
significantly enhanced leaf chlorophyll content compared to
the control and the highest application rate. Similarly, Santos
(2013) investigated the effect of six sulfur application levels (0,
50, 100, 150, 200, and 250 kg S ha™*) and reported that the highest
level (250 kg S ha™) led to a marked increase in total chlorophyll
content and elevated magnesium (Mg) and manganese (Mn)
concentrations in the leaves. Silva et al. (2013) treated potted
strawberry plants with sulfur at six different doses (0, 10, 20,
30, 40, and 50 mg S kg™) in a greenhouse trial. The treatment of
50 mg S kg™* produced the highest concentrations of phosphate
(P), calcium (Ca), and sulfur in fruit tissues as well as the
largest dry biomass of vegetative tissues and fruits. The impact
of sulfur on vegetative growth was evaluated by Afroz et al.
(2016) at four different levels: 0, 15, 25, and 35 kg S ha™. When
compared to other treatments, their results demonstrated that
applying 25 kg S ha™* considerably increased plant height and
the number of leaves per plant. Together, these results imply
that sulfur treatment enhances the chlorophyll content and total
vegetative development of strawberry plants, which is in line
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with previous findings by Santos (2013) and Erdal et al. (2006).
Sulfur’s acidifying effect in the rhizosphere, particularly in
calcareous or alkaline soils, may be responsible for the favorable
results. This effect increases the availability and uptake of
essential nutrients, especially nitrogen (N), phosphorus (P),
iron (Fe), and zinc (Zn), which are critical for the synthesis
of chlorophyll (Piri et al., 2012). Significantly, as chloroplasts
contain more than half of the plant’s total nitrogen, nitrogen is
essential to the construction of chlorophyll (Havlin et al., 2005;
Al-Maeni, 2024). Additionally, the manufacture of proteins
and amino acids that sustain the development and operation
of chloroplasts depends on nitrogen (Mohammed, 1985; Amar,
2003). Through its role in the production of §-aminolevulinic
acid and the transformation of Mg-protoporphyrin IX methyl
ester into protochlorophyllide—two crucial processes in
chlorophyll biosynthesis—iron, another micronutrient whose
availability may be enhanced by sulfur application, aids in the
synthesis of chlorophyll (Porra & Meisch, 1984). Additionally,
sulfur has a direct role in the production of chlorophyll
(Abu-Thahi & Moayad, 1988; Havlin et al, 2005). Improved
photosynthetic efficiency brought about by greater chlorophyll
production is primarily responsible for the improvements in
vegetative development features, such as larger leaf area, higher
dry matter accumulation, and longer growth period. This is
explained by how sulfur and related nutrients work in concert
to support cellular growth, division, and energy production for
plant development. Additionally, the production of chloroplast
proteins is supported by the elevated sulfur content in plant
tissues after sulfur fertilization, which increases the efficiency
of photosynthesis and promotes improved plant growth and
productivity (Piri et al., 2012).

4.3. Effect of sulfur fertilization on flowering, fruit set,
yield, and the quantitative and qualitative characteristics
of strawberry plants

Numerous research have shown that sulfur fertilizer may
greatly improve strawberry yield’s quantitative and qualitative
characteristics, as well as blooming and fruit set. According
to Erdal et al. (2006), sulphur application at 500 kg S ha™ to
strawberry plants known as “Camarosa” resulted in a substantial
increase in both the average fruit weight and total fruit output
when compared to the control. Additionally, increased nutrient
concentrations in the leaves were the result of the 1000 kg S ha™
treatment. In a similar vein, Silva et al. (2013) discovered that
administering 50 mg S kg™ produced the greatest quantities of
sulfur and calcium in the fruits in a greenhouse experiment that
used six sulfur levels (0-50 mg Skg™*). In comparison to the lesser
sulfur treatments, Santos (2013) found that sulfur spraying at
250 kg S ha™ significantly increased fruit weight, overall yield,
and the proportion of marketable fruits. Afroz et al. (2016)
investigated how field-grown strawberry plants responded to
sulfur fertilizer at four different rates (0, 15, 25, and 35 kg S
ha™). In addition to lowering the percentage of unmarketable
fruits, their findings demonstrated that applying 25 kg S ha™
greatly increased the number of flowers and fruits per plant, as
well as the fruit’s weight, diameter, and length. Interestingly,
the 35 kg S ha™ treatment produced the fruits with the greatest
sulfur content. In a greenhouse, Santiago et al. (2018) treated

“Albion” strawberry plants with sulfur at concentrations of 0
and 60 mg S dm™. At the greater application rate, they observed
a significant rise in fruit weight and sulfur content. Additionally,
Onofre et al. (2021) verified the advantages of sulfur fertilizer.
They discovered that, in comparison to the control, applying
8.4 kg S ha™ greatly increased overall production throughout
the 2017-2018 season in both open-field and greenhouse
growing methods. Three sulfur levels (0, 8.4, and 16.8 kg S ha™)
across two growth seasons were included in their research.
The findings from Erdal et al. (2006), Santos (2013), Santiago
et al. (2018), and Onofre et al. (2021) taken together suggest
that sulfur fertilizer improves strawberry fruit quality and
production. These benefits are probably related to sulfur’s
capacity to lower the rhizosphere’s soil pH, which improves
nutrient bioavailability, particularly for micronutrients, and
increases nutrient absorption and accumulation in the leaves.
Consequently, this encourages physiological functions such
fruit set, blooming, and photosynthesis (Al-Aa’reji, 2010).
According to Havlin et al. (2005) and Al-Maeni (2024), the
microbial oxidation of elemental sulfur by Thiobacillus spp.
results in sulfuric acid, which acidifies the soil and lowers
pH. This improves the solubility and absorption of nutrients,
especially those that are essential for the development of the
reproductive system. Processes like cell division and expansion,
leaf area growth, and chlorophyll synthesis depend on greater
photosynthetic activity and carbohydrate generation, which
are facilitated by the higher nutritional content in plant tissues.
In the end, these metabolic gains result in better reproductive
characteristics, such as bigger and more numerous fruits,
as well as better fruit quality. By increasing sugar content,
decreasing acidity, and improving fruit structure, sulfur also
contributes to fruit marketability, according to earlier research
(Nijjar, 1985; Hurley et al, 1986; Al-Aareji & Al-Douri, 2009a,
2009b; Al-Aareji & Bani, 2020; Tama & Hameed, 2021).

5. CONCLUSION

The results show that strawberry plants clearly and favorably
respond to the treatment of sulfur and salicylic acid. When
compared to the control, these treatments markedly improved
the fruits’ quantitative and qualitative qualities, overall
yield, and vegetative development. However, a number of
contributing variables, such as the strawberry cultivar, local
climate, and soil fertility level, affected the ideal salicylic acid
and sulfur treatment rates. As a result, these factors must be
taken into account while choosing the right concentrations to
achieve the highest levels of production and efficiency.

5.1. Future research needs

While significant progress has been made in understanding the
effects of salicylic acid (SA) sprays and sulfur fertilization on
strawberry growth and yield, several gaps and opportunities
for further research remain:

e Mechanistic insights: Most existing studies focus on
phenotypic outcomes such as yield and growth parameters.
More research is required to elucidate the molecular and
physiological mechanisms through which SA and sulfur,
individually and in combination, influence plant hormones,
defense responses, and metabolic pathways in strawberries.
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* Optimal dosages and application timing:Future studies should
systematically assess a range of SA and sulfur concentrations,
as well as different timings and frequencies of application, to
establish optimal protocols for various strawberry cultivars
and growth stages.

» Combined and synergistic effects: Research on the interaction
between SA spray and sulfur fertilization is limited. Studies
should investigate potential synergistic or antagonistic effects,
including whether co-application maximizes benefits or leads
to diminishing returns.

 Long-term and multi-location trials: Most current research
is based on single-season trials under controlled or specific
local conditions. Multi-location and multi-year experiments are
needed to validate the consistency and robustness of observed
effects across diverse environmental conditions and soil types.

e Impact on Fruit Quality and Shelf Life: Although yield is a
primary concern, the effects of SA and sulfur on strawberry
fruit quality attributes (e.g., sugar content, acidity, firmness,
flavor, antioxidant properties) and postharvest shelf life require
more investigation.

¢ Pest and disease resistance: Both SA and sulfur have roles
in plant defense, but more research is needed to quantify their
combined impact on disease incidence and pest management in
strawberry cultivation.

¢ Soil health and microbiome interactions: Sulfur fertilization
affects soil properties and microbial communities, potentially
influencing plant health indirectly. Future studies should
explore how SA and sulfur together alter the soil microbiome
and subsequent plant responses.

e Environmental and economic assessments: Life cycle
assessments and cost-benefit analyses are required to determine
the environmental sustainability and economic feasibility
of integrating these treatments into commercial strawberry
production systems.

« Genotypic variation: Response to SA and sulfur treatments

may vary among strawberry cultivars. Screening a broad range
of genotypes will help identify those with the greatest benefits
from these interventions.
Addressing these research needs will facilitate the development
of scientifically grounded, efficient, and sustainable practices
for optimizing strawberry productivity and quality through
salicylic acid and sulfur management.
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