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 Impact of Plant growth regulators on performance of strawberry plant: A Review



Abstract
Plant growth regulators (PGRs) are substances that help in controlling the growth and development of plants. They're pretty important because they're used in various areas of research, helping to improve how well crops grow. Researchers are looking at how PGRs affect the growth and production of a specific type of strawberry plant, called Fragaria × ananassa. It turns out that these plants are affected by different PGRs like auxins, gibberellin, and cytokinin’s. Studies have shown that using these substances can change how cells divide, grow bigger, and become different types in strawberries. One interesting thing is that auxins, like NAA, can make the roots of the plants grow deeper into the soil, which helps them absorb more nutrients. When strawberry plants are treated with a certain amount of NAA (about 19.97 mg/l), they show higher levels of things like TSS (total soluble solids), titrable acidity (how acidic something is), and total sugars. This suggests that using NAA can make strawberries sweeter and potentially improve their taste and quality. Gibberellins are super important for making plant stems grow longer and helping them flower. They can even affect how a strawberry plant looks overall. When we used a mix of 150 parts per million of GA3 and 0.4% zinc on the plants, they bloomed in the shortest time, around 113.4 to 116.8 days. Cytokinins are also great for making plants produce more cells, which helps them grow. 
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Introduction
	In the Rosaceae family, you'll find strawberries, scientifically known as Fragaria x ananassa. These strawberries are special because they have 56 chromosomes, which means they're octoploid plants, as noted by Stauct in 1989. Strawberries are really popular worldwide because of their beautiful red color, nice smell, and they're packed with good stuff like vitamins A and C, iron, potassium, and other important nutrients. According to research by Kumar and colleagues in 2015, you can grow strawberries successfully in India when the temperature during the day is between 22 and 23°C and at night it's between 7 and 13°C. Strawberry plants need shorter days to grow properly, and they have different types that only produce fruit once a year during the summer season. Strawberries are a type of fruit that gets soft quickly, goes bad fast, and doesn't last long on the shelf. They're called non-climacteric fruit. They're grown using runners, and their red colour comes from certain pigments. They're also packed with antioxidants, which can help with things like preventing cancer, slowing down aging in the brain, and reducing inflammation, according to some studies. In order to boost fruit set, size, growth, and yields of strawberries, a variety of plant growth regulators, including auxin, gibberellin, and cytokinin, are utilized in strawberry production. Kumar and colleagues in 2009 found that NAA, a type of plant hormone, helps improve the quality of strawberries. Additionally, gibberellic acid plays a vital role in enabling strawberry plants to grow larger fruits. Another study by Yadav and others in 2010 suggests that using growth regulators and carefully timing the transplantation of runners can enhance fruit growth, quality, and overall production in strawberries. Flowering, fruit set, ripening, and stress responses are among the physiological processes that are influenced by these organic compounds, which can be found in nature or applied synthetically (Çavuşoğlu et al., 2021). A high-value horticultural crop, strawberries need careful control of growth regulators to increase yield, improve fruit quality, and prolong shelf life (Gündüz & Özdemir, 2014). 
In strawberry production, the use of PGRs like auxins, cytokinins, gibberellins (GAs), ethylene regulators, and abscisic acid (ABA) has been thoroughly investigated. According to Basi and Gündüz (2017), auxins such as NAA (naphthalene acetic acid) enhance fruit setting and lessen deformities, whereas gibberellins encourage runner formation and vegetative growth. On the other hand, ripening is postponed by ethylene inhibitors like aminoethoxyvinylglycine (AVG), increasing marketability (Chaves et al., 2020).



[image: ]Figure (1).  Shows structure of PGR and Strawberry Plant (bioRender.com) .


Role of Auxin (NAA) on Strawberry
	 Artificial auxin, known as naphthalene acetic acid (NAA), is a substance used to encourage various aspects of plant growth and development. These include influencing the ratio of male to female flowers, the formation of vascular tissue, maintaining the dominance of the main growing tip of a plant, improving the likelihood of fruit formation, delaying the aging of leaves, preventing premature fruit drop, stimulating the growth of roots, promoting cell elongation and division, and aiding in the shedding of both fruits and leaves when necessary (Mehraj et al., 2015). When you take clippings from plants like flowers, bushes, trees, and vines, and you put them into the soil, they can grow roots fast and abundantly if you give them natural hormones like Indol-3-butyric acid (IBA) or artificial hormones like naphthyl acetic acid (NAA), as explained by Katel and colleagues in 2022. Katel and colleagues (2020) found that NAA, a type of synthetic plant hormone, plays a crucial role in enhancing the quality of strawberries by increasing their acidity, sugar content, and vitamin C levels. They discovered that lower levels of NAA in plants lead to more leaves per plant, whereas higher levels result in larger leaf size (Sharma et al., 2019). Other research suggests that the best conditions for initiating new buds involve using a growth medium with more cytokinin than auxin, while optimal conditions for growing shoots require low levels of a compound called naphthalene acetic acid (NAA) and high levels of benzyl adenine (Katel et al., 2022). Additionally, NAA helps reduce fruit drop and promotes the production of cellulose in plants, but its effects on growth depend on the timing and concentration of application (Katel et al., 2022). In simple terms, when strawberry plants are treated with a certain chemical called NAA at a specific amount, they show high levels of certain substances like TSS (total soluble solids), titrable acidity, and total sugars. This chemical seems to boost the growth of strawberries, making them broader, longer, and heavier. Additionally, in the buds of these plants, there are certain plant hormones called auxin and cytokinin. Auxin levels are high in buds that are not actively growing, while cytokinin levels are high in buds that are growing. So, the application of NAA affects the levels of these hormones, enhancing strawberry growth.
Role of Cytokinin on Strawberry
	Cytokinin’s are crucial for the growth and development of plants, affecting the formation of fruits, flowers, and overall plant yield. They're like the conductors orchestrating various processes in a plant's life. These hormones are essential for meristematic activity, which is basically the stem cell-like function in plants that drives growth. Cytokinins also regulate the cell cycle and help in the development of different plant organs. One of their important roles is in leaf expansion. They promote cell enlargement, making leaves bigger. Moreover, they help to delay leaf aging, keeping them fresher for longer. Cytokinins are also involved in activating shoot growth, promoting cell division, and aiding in embryo development. When it comes to flowers, cytokinins are again in the spotlight. They contribute to the growth of floral organs, increase the number of flowers, and keep the meristems (the plant tissue where growth occurs) active, ensuring continuous flower production. But that's not all; cytokinins even have a say in fruit production. They assist in the formation of fruit in many cultivars, essentially helping with fruit set—the process where flowers turn into fruits. As the fruit matures, cytokinins continue to play a role in ensuring its proper development and ripening. So, from the first bud to the juicy fruit on the tree, cytokinins are there, guiding and supporting every step of the way. As seeds grow, the amount of cytokinin, a type of plant hormone, goes up. This increase suggests that after cells divide, they go through a phase where they expand. Cytokinin also plays a role in deciding how big fruits will be and in encouraging the growth of nearby tissues. When synthetic auxin and cytokinin are added, plants produce more and become more fruitful. Cytokinins also help to boost photosynthesis by regulating it in various ways. As the inflorescence grows, the levels of auxin and cytokinin increase, according to research by Sosnowski and colleagues in 2023. Hassan and team discovered in 2023 that treating strawberry plants with 50 ppm cytokinin on their leaves significantly increased the number of blooms compared to untreated plants. Müller and others in 2008 identified cytokinin in the leaf axils of axillary buds. Tanaka et al. in 2006 found that cytokinin is present in the nodal stem, where it promotes the formation of axillary buds. Additionally, research by Waldie et al. in 2018 indicates that cytokinin signaling regulates the activity of auxin.
Role of Gibberellin (GAs) on Strawberrry
	Gibberellins are plant hormones that play a role in various stages of plant growth and development. They influence processes like seed germination, the growth of stems, the formation of flowers, and the aging of leaves and fruits. According to Lee and Park (2025), GAs facilitate vegetative propagation by encouraging the elongation of stems and runners. The application of exogenous GA₃ promotes biomass accumulation and leaf expansion (García-Martínez et al., 2025). Some studies suggest that gibberellins can also affect the ripening of fruits, with gibberellic acid impacting factors such as the number of flowers, fruit weight, quality, and the growth of runners. In order to modify flowering time, GAs interact with flowering genes, such as FvTFL1 and FvFT1 (Hytönen et al., 2025). Under low light conditions, the best GA application improves flower induction in everbearing strawberries (Matsuo et al., 2025). Additionally, a specific type of gibberellin called GA3 has been linked to effects like cooling or extended exposure to light. Researchers have even found that applying GA3 can help with fruit set in strawberries. By upregulating antioxidant enzymes, GAs increase resistance to salinity and drought (Almeida et al., 2025). Using GA3, a plant growth regulator, reduces the time it takes for strawberry plants to bear fruit. It also boosts both the number of fruits and the plant's overall growth during the blooming period. Additionally, GA3 has several effects on the strawberry plant, including lengthening the main stem, initiating the flowering process, increasing leaf surface area, promoting the production of stolons (runners), elongating the petioles (leaf stalks), preventing the formation of a rosette shape, and delaying the onset of blossoming. By promoting cell growth, GA treatment increases fruit size (Wang et al., 2025). A balanced auxin-GA crosstalk is necessary because overuse may result in softer fruits (Chen et al., 2025). Studies have shown that strawberry plants treated with 150 ppm GA3 along with 0.4% zinc displayed significantly earlier flowering compared to untreated plants. Putting gibberellins on the outside of plants makes their fruits grow better. It also helps pollen tubes grow and seeds sprout. In one study, using 8 parts per million of promalin made plants produce more fruit compared to plants that didn't get treated. 

Interaction effect of Auxin and Cytokinin on strawberry
Many aspects of plant development depend on the interaction between auxins and cytokinin, including the reciprocal regulation of hormone metabolism, gene expression, and signal transduction pathways (Hussain et al. 2021; Tiwari et al. 2023). Both the antagonistic and synergistic functions of auxins and cytokinin are well known (Danilova et al. 2020). When cytokinin’s block specific auxin response pathway branches, they exhibit their antagonistic role by preventing certain auxin responses during in vitro organogenesis (Saini et al. 2013). Furthermore, cytokinin have been shown to modulate gene expression, decrease shoot chlorophyll content, and inhibit root elongation, lateral root formation, and hypocotyl growth (Tiwari et al., 2023). The ratio of auxin to cytokinin is essential for figuring out how plant cells in tissue culture will develop. The regulation of plant development is largely dependent on the balance between these two hormones rather than their absolute levels (Danova et al. 2018; Mboene Noah et al. 2021). The growth and regeneration of the micro propagated sweet potato plants were greatly impacted by the proper ratio and concentration of auxins and cytokinin in the culture medium. These control in vitro processes like organ differentiation, callus induction, and shoot and root formation. In order for sweet potato tissue culture to be successful, these plant growth regulators must work in unison.
Auxins and cytokinin are both essential for the morphogenesis of plant leaves. A complex yet delicate balance between auxins and cytokinin is essential for the initiation of leaves and the entire process of leaf morphogenesis. Although many reports indicate that auxin plays a beneficial role in regulating the initiation of leaves, the function of CK varies depending on the plant species and developmental stage and necessitates further investigation before any definitive conclusions can be drawn (kieber et al., 2014) However, auxins and CKs have a major influence on leaf morphogenesis and serration after leaf initiation (kieber et al., 2014). Furthermore, because both auxins and CKs have a tendency to regulate one another's signaling cascades, their interactions are reciprocal (Besnard et al., 2014). This model is further supported by the fact that bud dormancy in chrysanthemum (Dierck et al., 2016), and strawberry (Qiu et al., 2019) is influenced by the ratio of auxin and cytokinin activity rather than their absolute concentrations. 

Interaction effect of Cytokinin an gibberellin on strawberry

	In significant horticultural crops, Kumar et al. (2014) and Sharif et al. (2022) reviewed the cross-talk between auxins (AUX), cytokinins (CKs), and gibberellins (GAs) in fruit set and parthenocarpic fruit development. It was discovered that parthenocarpic fruits could be produced in tomato genotypes that were not parthenocarpic by exogenously applying growth hormones such as CKs and GAs (Matsuo et al., 2012). During strawberry ripening, there is a hormonal crosstalk where GA speeds up the process while CK delays it, which ultimately affects patterns of sugar accumulation (Zhang et al., 2021). Auxin-induced fruit set in tomatoes (Solanum lycopersicum) is partially mediated by gibberellins. Auxin application to unpollinated ovaries promotes the development of parthenocarpic fruit, which in turn causes the upregulation of genes involved in GA biosynthesis. A complex hormonal interaction during the flower-to-fruit transition is highlighted by this, which implies that auxin promotes fruit initiation upstream of GA (Jia et al., 2025). Auxin and GA pathways converge to control cell cycle and expansion genes, enabling fruit set even in the absence of fertilization, according to transcriptomic evidence. Cytokinin and gibberellins exhibit antagonistic interaction in shoot development, where gibberellins promote stem extension while cytokinin increase apical dominance (Weiss & Ori, 2023), yet they collaboratively regulate seed germination by together resolving dormancy (Shu et al., 2022). CK inhibits the effect of GA on strawberry plants' runner formation while simultaneously promoting crown development (Taghavi & Babalar, 2017). Exogenous administration of CKs and GAs has been demonstrated to cause parthenocarpic fruit development in non-parthenocarpic genotypes of cucumbers (Cucumis sativus). In particular, zeatin and indole-3-acetic acid (IAA) applied together produced the highest parthenocarpic fruit set, which was on par with naturally occurring parthenocarpic genotypes. In parthenocarpic lines, gene expression analyses showed upregulation of the genes for GA biosynthesis (GA3ox2) and CK biosynthesis (IPT, LOG1, LOG2), suggesting a coordinated hormonal regulation during fruit development (Li et al., 2022). Strawberry fruit quality was demonstrated to be improved by applying GA₃ and CPPU (a cytokinin-like compound) together, as this increased the fruit's firmness and sugar content (Kang et al., 2019). In apples (Malus ×domestica Borkh.), cytokinin function as an antagonist of GA during floral transition by suppressing the GA signalling pathway and upregulating the expression of GA degradation genes (Li et al., 2018, 2019).  

Conclusion
	Plant growth regulators are important for enhancing crop growth by improving factors like crop Vigor, leaf number, fruit firmness, sugar content (TSS), runner production, and fruit yield per plant. When cytokinin with a concentration of 50 parts per million (ppm) of benzyl adenine (BA) was applied, there was an observed increase in the number of runners, fruits, flowers, and fruits per plant, along with more flowers compared to the control group. Strawberry plants treated with 19.97 milligrams per liter (mg/l) of naphthaleneacetic acid (NAA) exhibited higher levels of TSS. Additionally, plants treated with 150 ppm gibberellic acid (GA3) and 0.4% zinc had shorter flowering periods of 113.4 and 116.8 days, respectively. These plant growth regulators play a crucial role in improving crop quality and quantity. Interaction effect of auxin and cytokinin essential for figuring out how plant cells in tissue culture will develop, plays a beneficial role in regulating the initiation of leaves. While interaction effect of cytokinin and gibberellin plays essential role in development of parthenocarpy fruit, which in turn causes the upregulation of genes involved in GA biosynthesis.
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