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ABSTRACT
Drought-induced water stress is a major environmental constraint affecting seed germination and early seedling establishment in forest ecosystems. The present study evaluated the effects of polyethylene glycol (PEG-6000)-induced osmotic stress on seed germination of seven tropical tree species—Hardwikia binnata, Butea monosperma, Acacia catechu, Acacia nilotica, Holoptelea integrifolia, Diospyros melanoxylon, and Pithecellobium dulce. Seeds were germinated under three water stress treatments: control (0 MPa), PEG-200 (0.5 MPa) and PEG-300 (1.0 MPa), corresponding to increasing osmotic stress levels. The experiment was conducted using a factorial completely randomized design with four replications, and germination was recorded at 24 h, 3 days, and 7 days. Under control conditions, Hardwikia binnata exhibited the highest germination (90%), followed by Butea monosperma (60.24%),Diospyros melanoxylon (60.24%), and Acacia catechu (30%). PEG-200 caused a marked decline in germination, although Hardwikia binnata and Butea monosperma retained relatively higher tolerance. PEG-300 induced severe osmotic stress, resulting in complete inhibition of germination in Pithecellobium dulce. Significant species and treatment interactions indicated differential sensitivity to water stress among species. The findings demonstrate that water availability is a critical determinant of seed germination in tropical forest tree species, with pronounced species-specific tolerance thresholds. The relatively higher tolerance of Hardwikia binnata and Butea monosperma under moderate stress suggests their potential suitability for afforestation and restoration programs in drought-prone regions. This study provides valuable insights into early-stage drought tolerance mechanisms, supporting the selection of climate-resilient tree species for sustainable forest management.
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INTRODUCTION
Water stress in plants occurs due to water deficit, which can be induced by drought. However, plants attempt to adapt to these stress conditions through biochemical and physiological interventions. Drought is often the primary environmental constraint limiting plant growth (Yordanov et al., 2003). The critical soil water potential for seed germination is typical for each plant species (Habas et al., 1976). Inadequate soil moisture results in inadequate seed germination and unsynchronised seedling emergence, affecting the establishment of a stand with negative effects on yields (Mwale et al., 2003). As seed germination is the beginning of the life cycle of plants, seedling emergence is important for the establishment of plant populations (Khan and Gulzar,2003). Drought stress is a critical environmental factor that can significantly impact seed germination and early seedling growth in forest species. Limited water content reduces cell size, membrane integrity, produces reactive oxygen species and promotes leaf senescence that leads to decreased crop productivity (Tiwari et al., 2015). Water stress has also been reported to severely reduce germination and seedling stand (Kaya et al., 2006) The survival of tree species depends on their capacity to tolerate drought, particularly in tropical ecosystem (Worbes et al, 2013). Consequently, understanding drought tolerance mechanisms during germination and early seedling growth is crucial for predicting species responses to ongoing climatic change. To study plant responses to water stress under controlled conditions, osmotic solutions with varying water potentials are commonly employed. 
[bookmark: _Hlk220468905]Polyethylene glycol (PEG-6000) is widely used as an osmotic agent to simulate drought stress because of its high molecular weight, which prevents it from penetrating plant cell walls, thereby reducing external water potential without inducing chemical toxicity (Singh and Ansari, 2019; Ribeiro et al., 2022; Ma et al., 2024). PEG-induced osmotic stress effectively mimics dry soil conditions and allows for the establishment of precise gradients of water stress to provide a controlled means of susceptibility assessment. This technique facilitated early identification of drought-tolerant individuals based on germination rates, seedling vigour, and physiological responses under water-limited conditions. This cost-effective and time-efficient screening method is especially useful for conservation and breeding programs to identify climate-resilient tree species (Michel and Kaufmann 1972, Verslues et al.,2006).  Seed germination experiments carried out under PEG-induced stress help to identify the genotypes and provenances of  drought tolerant tree species (Singh and Ansari 2019). Plant responses to PEG-induced drought stress with regard to seed germination and seedling growth  of tree species have been recently reported (Zu et al.,2006, Sidari et al.,2008, Gholami et al., 2010, Valdovinos et al.,2021). Despite extensive research on agricultural crops and temperate species, studies examining the effects of water stress on seed germination of tropical forest tree species remain limited. Addressing this research gap is essential for developing effective strategies for forest regeneration, afforestation, and conservation under increasing drought frequency. 
Therefore, the present study was conducted to evaluate the effects of PEG-6000-induced water stress on the seed germination behaviour of selected forest tree species. By analysing germination responses under different osmotic stress levels, this study seeks to provide insights into species-specific drought tolerance during the early growth stage, which may support climate-resilient restoration practices.






MATERIALS AND METHODS
The experiment's seeds were collected from the tropical deciduous forest of the Koraon ranges (Latitude: 24º 52.793’N, Longitude: 82º07.403’E) of Prayagraj district in Uttar Pradesh. The tropical deciduous forest of the Koraon mountains (Latitude: 24º 52.793'N, Longitude: 82º07.403'E) in the Prayagraj district of Uttar Pradesh provided the seeds for the experiment. The seeds of seven tropical tree species were collected: Diospyros melanoxylon, Hardwikia binnata, Butea monosperma, Acacia catechu, Acacia nilotica, Holoptelea integrifolia, and Pithecellobium dulce. To remove bacterial and fungal contamination, the seeds were sterilised using a 0.1% HgCl2 solution and then carefully cleaned with autoclaved distilled water. According to Michel and Kaufmann (1972), three concentrations of polyethylene glycol 6000 were employed to maintain three levels of osmotic potentials: MPa, 0.5 Mpa, and 0.1 Mpa. To keep the control, distilled water was substituted for the PEG solution. A factorial completely randomized design was adopted for the experiment, with four replications of 20 seeds each. It was put in petri dishes on Whatman filter paper No. 1 that had been wet with various concentrations of polyethylene glycol (PEG 6000) in a seed germinator at 25°C in the ICFRE-ERC, Prayagraj laboratory. Every day, the number of seeds that germinated was tallied. Observations on seed germination and germination percentage were made after 24 hours, 3 days, and 1 week. When the radicle was 2 mm long, a seed was considered to have germinated (Kaya et al., 2006; Kim et al., 2006). The data obtained were subjected t” statistical analysis, employing analysis of variance (ANOVA), using statistical software JASP.
RESULTS
The result showed that under control conditions, Hardwikia binnata exhibited the highest germination rate of 90.00%, which decreased to 60.86% with PEG-200 and fell to 5.354% with PEG-300. It was followed by Butea monosperma germinated at 60.42% under control, decreasing to 36.04% with PEG-200 and showed 6.64%with PEG-300.The Acacia catechu and Diospyros melanoxylon had a germination rate of 60.42% under control conditions, which decreased to 29.87% and 25.27% with PEG-200, respectively. The germination was completely inhibited by PEG-300. The species Holoptelea integrifolia showed germination 50.83% in the control condition, falling to 5.354% with PEG-200 and showed no germination with PEG-300 where Acacia nilotica showed a control germination rate of 50.82%, dropping sharply to 7.48% with PEG-200 and to 0% with PEG-300. Pithecellobium dulce showed 58.01% germination under control conditions; there was no germination with PEG-200 and PEG-300. The treatments showed a highly significant effect (p < 0.01) on the response variable. The order of treatment performance was T1 (under control conditions) > T2 (PEG-200 Treatment> T3 (PEG-300 Treatment). 
These results demonstrate that PEG-300 induces severe osmotic stress, completely preventing seed germination in all tested species, while PEG-200 also significantly reduces germination rates but not to the same extent. The treatments are the major source of variation, and interaction effects play an important role in determining responses across species. The interaction was significant, suggesting that species responded differently to the same treatments. Certain species such as Acacia catechu and Butea monosperma showed stronger responses under specific treatments. Both Species, Treatment, and their interaction have highly significant effects (p < 0.001). The means treatment responses vary significantly among species — i.e., the effect of treatment depends on species type. All three treatments differ significantly in their mean effects. Hardwikia binnata showed significantly higher means than most other species.Acacia nilotica and Holoptelea integrifolia generally formed a lower group, differing from Hardwikia, Butea, and Diyopyrous species .Pithecellobium dulce had moderate means, differing from high-performing species.

Table 1. Seed germination experiment under osmotic stress
	Species Name
	Treatment
	Mean
	SE

	Acacia catechu


	T1
	60.42
	± 3.78

	
	T2
	29.87
	± 2.09

	
	T3
	0
	0

	Acacia nilotica


	T1
	50.82
	± 2.26

	
	T2
	7.48
	± 4.32

	
	T3
	0
	0

	Butea monosperma


	T1
	60.42
	± 3.78

	
	T2
	36.04
	± 3.54

	
	T3
	6.64
	± 6.64

	Diospyros melanoxylon


	T1
	60.42
	± 3.78

	
	T2
	25.27
	± 8.83

	
	T3
	0
	0

	Hardwikia binnata


	T1
	90.00
	0

	
	T2
	60.86
	± 16.24

	
	T3
	5.35
	± 5.35

	Holoptelea integrifolia


	T1
	50.83
	± 2.75

	
	T2
	5.35
	± 5.35

	
	T3
	0
	0

	Pithecellobium dulce


	T1
	58.00
	± 2.638

	
	T2
	0
	0

	
	T3
	0
	0




Graph 1. Seed germination % under PEG- induced osmotic stress


Graph 2. Mean response of treatments


DISCUSSION
Seed germination represents the most sensitive phase of the plant life cycle (Ashraf et al., 2003). During this stage, the earliest physiological impairment is a reduction in water imbibition, which disrupts metabolic processes by altering enzyme activity and diminishing the hydrolysis and utilization of seed reserves (Ahmad and Bano, 1992). In many species, osmotic stress further constrains the mobilization of stored reserves (Lin and Kao, 1995). Among environmental factors, water availability plays a particularly critical role, influencing both germination and subsequent seedling establishment (Luo et al., 2022). Drought tolerance is a widespread trait observed across plant species, though its magnitude varies considerably both among species and within species (Lin et al., 2006; Zhu et al., 2006; Gasper et al., 2013). This inter- and intra-specific genetic variability provides a valuable resource for identifying genotypes with enhanced resilience to water deficit. Such genotypes can be strategically utilized in drought-prone environments to improve establishment and productivity.
PEG has been widely employed as an osmotic agent to simulate drought stress in controlled laboratory conditions, enabling researchers to screen genotypes for their tolerance to water deficit. However, concerns have been raised that variation in seed quality—arising from factors such as storage conditions, maternal environment, and inherent vigor—can significantly influence germination outcomes, thereby confounding interpretations of drought tolerance. As Singh and Ansari (2019) emphasize, germination tests under PEG-induced stress remain valuable for identifying provenances and genotypes capable of rapid establishment under limited soil moisture, provided that seed quality differences are carefully standardized and accounted for. The susceptibility of four wild almond species—Prunus scoparia Spach, P. eleagnifolia Spach, P. lycioides Spach, and P. dulcis Mill to osmotic stress was confirmed by the observed decrease in germination capability and germination rate with increasing PEG content(0, -0.05, -0.1 and-0.5 MPa) under greater PEG concentrations raises the possibility that drought circumstances could extend the crucial early stage of seedling establishment, which could have an impact on survival and growth in natural settings (Rahemi et al., 2010).
Numerous studies have demonstrated that increasing osmotic stress induced by PEG or salt solutions generally results in reduced germination percentage, delayed germination, and impaired early seedling growth (Khurana and Singh, 2004; Sidari et al., 2008; Swapna and Rajendrudu, 2015; Valdovinos et al., 2021). PEG-induced water stress negatively impacts early seedling growth, including the length of the radicle and plumule, as well as the fresh and dry weight of seedlings (Shitole and Dhumal, 2012; Singh and Singh, 2020). This suggests that the reduced water potential not only impedes the initial metabolic activation required for germination but also hinders the subsequent development crucial for successful establishment. For instance, germination of Caesalpinia echinata decreased notably with more negative water potentials, with complete cessation observed at higher stress levels (Rodrigues et al., 2020).
In this study, a significant decrease in germination from the control to the PEG-200 and PEG-300 treatments shows that water availability has a significant impact on germination success. In all species, PEG-300 completely or nearly completely inhibited germination, indicating that extreme osmotic stress surpasses the physiological threshold necessary for radicle emergence and seed imbibition. Similar complete inhibition under high PEG concentrations has been reported in several woody species, including Pinus pinea, Ailanthus altissima, and Cupressus spp., highlighting the universal vulnerability of germination to severe drought stress (Sidari et al., 2008; Şevik and Çetin, 2014). The studies on Pinus sylvestris var. mongolica showed that seeds failed to germinate at PEG concentrations exceeding 25%. The low concentration of 10% PEG did not significantly affect germination and even promoted radicle and hypocotyl growth in natural seeds, indicating a potential acclimation to moderate drought conditions (Zhu et al., 2006). Similarly, Pinus pinaster experienced delayed mean germination time, with a 20% PEG treatment prolonging germination by approximately seven days compared to unstressed controls (Ribeiro et al., 2022). 
In present study, although all species exhibited reduced germination under increasing osmotic stress, the magnitude of response varied among species, as reflected by the significant Treatment and Species interaction. Hardwikia binnata and Butea monosperma showed relatively higher tolerance under PEG-200, suggesting better adaptation to moderate water stress during the germination phase. In contrast, Pithecellobium dulce was highly sensitive, showing complete inhibition even at moderate stress levels. The Statistical analysis further confirmed the dominant role of osmotic stress in regulating germination responses. Analysis of variance revealed a highly significant treatment effect (p < 0.001), accounting for the largest proportion of total variance (partial η² = 0.888). Germination consistently followed the order T1 > T2 > T3, and post-hoc comparisons indicated that all pairwise treatment differences were significant (p < 0.001). These findings highlight that water availability is a primary environmental determinant governing seed germination, particularly during early establishment stages (Luo et al., 2022).
CONCLUSION
Water stress simulated by PEG-6000 severely impairs seed germination and early seedling growth in many tree species by limiting water uptake and disrupting crucial metabolic processes. The degree of inhibition is concentration-dependent and varies significantly among different tree species, reflecting diverse drought tolerance strategies. The present study clearly demonstrates that the germination response of tropical tree species seeds is influenced by the water availability. Moderate osmotic stress (PEG-200) reduced germination in a species-specific manner, while severe stress (PEG-300) completely inhibited germination across all species. Hardwikia binnata and Butea monosperma showed higher tolerance, highlighting their suitability for drought-prone afforestation and restoration programs. PEG induced water stress may to great use for species identification for drought tolerance.
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