
Int.J.Curr.Microbiol.App.Sci (2026) 15(9): 161-172 

 

 

161 

   

 
 

Original Research Article                                                  https://doi.org/10.20546/ijcmas.2026.1509.018  

 

Phenology-Guided Foliar Bioregulation of Guava under 

Moisture Deficit: Physiological Mechanisms and Critical 

Developmental Windows 
 

Sourabh S. Surve 1, Jitendrakumar H. Kadam 2*, Machhindra G. Agale1,  

Dhananjay D. Nangare3, Ganesh S. Shinde1, Hrishikesh B. Thube1, Tejas. S. Patil1,  

Abhishek 4 and Pandurang. S. Lomate5 
 

1Department of Horticulture, Dr. Sharadchandra Pawar College of Agriculture,  

Baramati, Maharashtra, India 
2School of Edaphic Stress Management, ICAR-NIASM, Malegaon,  

Baramati, Maharashtra, India 
3School of Drought Stress Management, ICAR-National Institute of Abiotic Stress Management, 

Malegaon, Baramati, Maharashtra, India 
4Department of Horticulture, Vasantrao Naik Marathwada Krishi Vidyapeeth, Parbhani,  

Maharashtra, India 
5Department of Agronomy, College of Agriculture, Latur, Vasantrao Naik Marathwada Krishi Vidyapeeth, 

Parbhani, Maharashtra, India 
*Corresponding author 

 

 
 

        A B S T R A C T  

 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

International Journal of Current Microbiology and Applied Sciences 
ISSN: 2319-7706 Volume 15 Number 9 (2026)   

Journal homepage: http://www.ijcmas.com 
 

Guava (Psidium guajava L.) is an important fruit crop whose growth, flowering, fruit setting and fruit 

development are strongly influenced by water availability. Moisture deficit can disturb plant water status, 

stomatal behavior, canopy temperature, chlorophyll stability, photosynthesis and antioxidant balance, 

resulting in reduced physiological performance during sensitive developmental stages. Guava phenology 

provides a useful framework for identifying these stage-specific responses and for improving the timing of 

crop-management practices. This review summarizes the major phenological stages of guava and 

discusses their relationship with moisture-deficit stress and foliar bioregulation. Particular attention is 

given to three important developmental windows: early bud development, flower-bud appearance or 

reproductive transition and the petal fall–fruit-set transition. The potential roles of salicylic acid, 

melatonin and glutathione in supporting stress tolerance through signaling, osmotic adjustment, 

antioxidant defense and protection of photosynthetic processes are also discussed. The review highlights 

that foliar interventions based on actual phenological stages may be more biologically meaningful than 

application based only on fixed calendar date days. However, further field validation is required to 

identify suitable bioregulator, dose and phenological-stage combinations under different cultivars, seasons 

and moisture conditions. Phenology-guided foliar management may provide a useful framework for 

investigating abiotic stress tolerance, water-use efficiency and sustainable guava production. 
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Introduction 

 
Guava (Psidium guajava L.), belonging to the family 

Myrtaceae, is an important tropical and subtropical fruit 

crop valued for its adaptability, productivity and high 

nutritional quality. The fruit is a rich source of vitamin C, 

dietary fibre, carbohydrates, minerals and bioactive 

compounds such as phenolics and flavonoids, which 

contribute to its antioxidant and functional food value 

(Khan et al., 2025). Sustainable guava production, 

however, largely depends on efficient water 

management, particularly in semi-arid regions where 

irregular rainfall and high evaporative demand frequently 

expose the crop to moisture stress. 

 
Deficit irrigation has been suggested as an important 

water-saving strategy in fruit crops, but its success 

depends on the intensity and duration of stress as well as 

the sensitivity of the crop at different developmental 

stages (Galindo et al., 2018) [10]. In guava, ETc-based 

irrigation levels have been reported to influence plant 

water relations, fruit growth, yield and irrigation water 

productivity (Jat et al., 2022; Lakhawat et al., 2024; 

Manjunath et al., 2024). Therefore, water management 

should be evaluated not only in terms of the quantity of 

water applied but also in relation to the physiological and 

phenological stage of the crop. 

 
Phenology provides a useful framework for 

understanding stage-specific crop responses. Guava 

passes through distinct phases of bud development, 

vegetative growth, flowering, fruit setting, fruit 

enlargement and ripening. Salazar et al., (2006) 

described sixteen phenological stages of guava and 

related them to the BBCH General Scale and Fleckinger 

codes. However, the timing of these stages may vary 

with pruning, season and environmental conditions. 

Singh et al., (2015) also reported changes in guava 

flowering phenology following pruning, indicating that 

crop development should be treated as a dynamic process 

rather than a fixed calendar schedule. 

 

Foliar bioregulators such as salicylic acid, melatonin and 

glutathione may improve plant tolerance to moisture 

stress through regulation of water relations, 

photosynthesis and antioxidant defense (Hasanuzzaman 

et al., 2017; Himanshu et al., 2024; Roque et al., 2025). 

However, their effectiveness may also depend on the 

phenological stage at which they are applied. 

 

Phenological development of guava 
 

Phenology describes the timing and sequence of 

vegetative and reproductive developmental stages. In 

guava, the growth cycle progresses from bud break, 

development and leaf emergence to flowering, fruit 

setting, fruit growth and ripening. Salazar et al., (2006) 

identified sixteen phenological stages in guava and 

related them to the BBCH General Scale and Fleckinger 

codes. However, the timing and duration of these stages 

may vary with cultivar, pruning time, season, edaphic 

factors and environmental conditions (Singh et al., 2015; 

Sharma et al., 2017). Therefore, phenological stages 

should be considered as developmental windows rather 

than completely fixed days. Recent BBCH-based work 

has further standardized various developmental of guava 

and supports the use of phenological coding for 

comparing stages of crop development across cultivars 

and environments (Sharma et al., 2026). 

 

Bud and vegetative development 
 

After the stress period, pruning is carried out. With the 

onset of irrigation, buds begin to emerge, followed by 

bud swelling and shoot growth, leaf emergence, and 

complete leaf development. The development of a 

healthy leaf canopy is important because leaves provide 

the photosynthetic assimilates required for subsequent 

flowering and fruit development. The duration of leaf 

flushing and vegetative growth varies among guava 

genotypes and environmental conditions (Alfia et al., 

2017; Singh et al., 2020). Pruning also influences the 

timing of new shoot development and subsequent 

flowering (Singh et al., 2015). 

 

Flower-bud development and flowering 
 

Appearance of flower buds represents the transition from 

vegetative to reproductive growth. Flower-bud 

development, flowering duration and time to peak 

flowering vary among cultivars and seasons (Sharma et 

al., 2017; Sahoo et al., 2017; Koti et al., 2026). Singh et 

al., (2020) also reported considerable variation in 

flowering behavior among cultivated and wild Psidium 

genotypes. Since the C: N ratio plays an important role in 

floral development, and floral development requires 

adequate assimilate availability and optimal plant water 

status, this stage may be particularly critical under 

moisture-deficit conditions or water-deficit conditions 

(Gomasta et al., 2024). 
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Pollination, petal fall and fruit setting 
 

Flowering is followed by anthesis, pollination, petal fall 

and fruit setting. Pollination and fruit establishment are 

influenced by pollen viability, temperature, humidity and 

physiological condition of the plant (Sharma et al., 2011; 

Alves and Freitas, 2007; Nithishni et al., 2026). The 

period between petal fall and fruit setting is especially 

important because young fruits begin to develop as active 

sinks for carbohydrates. Therefore, this stage can be 

considered a critical fruit-establishment window for 

evaluating stress and foliar interventions. 

 
Fruit growth and development 

 
After successful fruit set, guava fruits progressively 

increase in size, weight and biochemical constituents (El-

Buluk et al., 1995; Selvaraj et al., 1999). Mercado-Silva 

et al., (1998) reported that fruit growth in guava follows 

a double-sigmoid pattern, with periods of rapid and 

relatively slow growth during development.  

 
The duration from fruit set to harvest also differs among 

cultivars and growing conditions. Adequate water and 

assimilate supply during this phase are therefore 

important for proper fruit enlargement. 

 
Maturation, ripening and phenological 

variability 

 
During maturation and ripening, guava fruits undergo 

various physical and biochemical changes, including 

changes in colour, firmness, sugar content, total soluble 

solids, and organic acid content. (Patel et al., 2015; 

Mondal et al., 2009). The timing of maturity varies with 

cultivar, season and environmental conditions (Sahoo et 

al., 2017). Thus, days after pruning should be used as an 

approximate reference, while the actual phenological 

stage should guide crop-management decisions. 

 
Figure 2 shows the progression of guava phenology from 

emergence of bud to fruit ripening and its relationship 

with three important intervention windows. The early 

bud-development, flower-bud emergence and petal fall–
fruit-set transition stages represent distinct physiological 

phases where targeted foliar intervention may be useful. 

These timings should be considered approximate 

developmental windows rather than fixed days. 

 

Moisture-deficit responses across phenological 

stages 
 

Moisture deficit affects guava by reducing soil-water 

availability and disturbing normal plant physiological 

functions. The response may differ with phenological 

stage because vegetative growth, flowering, fruit set and 

fruit development have different water and assimilate 

requirements (Lacerda et al., 2026). Under prolonged 

stress, reduced plant water status may affect 

photosynthesis, reproductive development and finally 

fruit productivity (Jat et al., 2022; Usman et al., 2022). 

The effect of drought also depends on developmental 

stage because crop water use, transpiration and assimilate 

demand change during growth (Vadez et al., 2024). 

 

Plant water status and relative leaf water content 
 

Relative leaf water content (RLWC) is an important 

indicator of plant hydration under moisture stress. 

Reduced soil-water availability generally decreases leaf 

water content and cellular turgidity, which may restrict 

leaf expansion and physiological activity.  

 

In guava, lower water availability has been associated 

with reduced plant water status and growth, whereas 

adequate irrigation helps to maintain higher leaf 

hydration (Jat et al., 2022; Usman et al., 2022; Singh et 

al., 1997). Maintenance of plant water status is 

particularly important during flowering and fruit 

establishment because these stages require continuous 

physiological activity. 

 

Stomatal regulation and canopy temperature 
 

Under water deficit, plants generally reduce stomatal 

conductance to limit transpirational water loss. This 

response helps conserve water but also reduces CO₂ entry 
and transpirational cooling. As a result, leaf or canopy 

temperature may increase under moisture stress. Canopy 

temperature can serve as a rapid, non-destructive 

indicator of crop water status, provided that 

measurements are interpreted together with air 

temperature, vapour-pressure deficit, radiation, wind 

speed and measurement time. (Jat et al., 2022; Roque et 

al., 2025). Thermal and canopy-temperature 

measurements are also increasingly used as rapid, non-

destructive indicators of crop water stress (Cho et al., 

2024). 
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Chlorophyll and photosynthetic stability 
 

Moisture stress can negatively affect chlorophyll 

pigments and photosynthetic activity. Reduced 

chlorophyll content limits light absorption and may 

decrease the production of assimilates required for 

vegetative growth and fruit development. Guava plants 

exposed to water deficit have shown reductions in 

chlorophyll-related traits, gas exchange and 

photosynthetic performance (Usman et al., 2022; Roque 

et al., 2025). Therefore, maintenance of chlorophyll and 

photosynthetic stability is important for sustaining 

productivity under limited water availability. 

 

Osmotic adjustment and antioxidant defense 
 

Plants also develop biochemical mechanisms to tolerate 

moisture stress. Accumulation of osmolytes such as 

proline can help maintain cellular water balance, while 

antioxidant systems protect cells from excessive reactive 

oxygen species produced during stress. Strong 

antioxidant defense helps protect membranes, 

chloroplasts and other cellular components from 

oxidative damage (Hasanuzzaman et al., 2017; Usman et 

al., 2022; Foyer and Noctor, 2011; Noctor et al., 2012). 

These protective mechanisms may therefore contribute to 

better physiological functioning during critical 

phenological stages. 

 

Figure 3 summarizes the relative importance of major 

physiological responses across guava phenological stages 

under moisture deficit. The reproductive transition and 

petal fall–fruit-set stages show a comparatively high 

physiological relevance because water relations, 

photosynthesis and antioxidant defence operate 

simultaneously during these stages. The ratings represent 

a qualitative literature-based synthesis rather than 

experimentally measured values. 

 

Critical phenological windows for foliar 

intervention 
 

The response of guava to foliar bioregulators may vary 

with the developmental stage because plant water 

requirement, assimilate demand and stress sensitivity 

change during the crop cycle. Therefore, foliar 

applications may be more effective when synchronized 

with important phenological transitions rather than 

applied only according to fixed calendar dates. Variation 

in guava phenology with cultivar, season and pruning 

further supports the use of stage-based intervention 

windows (Salazar et al., 2006; Singh et al., 2015; Singh 

et al., 2020). 

 

Early bud-emergence window 
 

The early bud- emergence stage begins soon after 

pruning and represents the establishment of new 

vegetative growth. At this stage, developing shoots and 

leaves require adequate water and metabolic activity for 

canopy formation. Stress during this period may restrict 

leaf development and reduce the photosynthetic surface 

available for later reproductive growth (Abrar et al., 

2022). Therefore, the early bud-development stage can 

be considered an important first window for foliar 

interventions aimed at mitigating stress (Jayswal et al., 

2019; Santhoshkumar et al., 2022). 

 

Flower-bud appearance and reproductive-

transition window 
 

Appearance of flower buds marks the transition from 

vegetative to reproductive development. During this 

stage, the plant requires sufficient water, photosynthetic 

assimilates and physiological stability to support floral 

development and subsequent flowering. Flowering 

behaviour in guava varies with genotype, pruning and 

environmental conditions (Sharma et al., 2017; Singh et 

al., 2020).  

 

Therefore, flower-bud appearance may provide a useful 

biological stage for applying foliar bioregulators aimed at 

protecting reproductive development under moisture 

stress. 

 

Petal fall–fruit-set transition window 
 

The period between petal fall and fruit setting is a critical 

reproductive transition because young fruits begin to 

establish as active sinks for water and assimilates. 

Moisture stress during this stage may reduce 

photosynthetic activity and affect fruit retention and early 

fruit development.  

 

Guava genotypes also differ in the duration from 

flowering to fruit set, indicating that this stage should be 

identified phenologically rather than by a fixed number 

of days alone (Singh et al., 2020). Thus, the petal fall–
fruit-set period represents an important third window for 

targeted foliar intervention. 
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Role of bioregulators in moisture-stress 

mitigation 
 

Bioregulators can help plants tolerate moisture stress by 

improving physiological and biochemical defence 

mechanisms. Their effects are mainly related to better 

water balance, protection of photosynthetic pigments and 

reduction of oxidative damage. In this review, salicylic 

acid, melatonin and glutathione are considered important 

because of their reported roles in drought and other 

abiotic stresses. More broadly, exogenous bioregulators 

can influence stress signaling, antioxidant activity and 

photosynthetic performance under abiotic stress (Altaf et 

al., 2023). 

 

Salicylic acid 
 

Salicylic acid is an important signaling molecule 

involved in stomatal regulation, photosynthetic 

protection and antioxidant defence (Hayat et al., 2010; 

Rivas-San Vicente and Plasencia, 2011). In guava, foliar 

application of salicylic acid has been reported to reduce 

the adverse effects of water deficit on growth, gas 

exchange and chlorophyll-related traits (Roque et al., 

2025).  

 

Therefore, salicylic acid may help maintain physiological 

activity when plants are exposed to limited water 

availability. Recent reviews also describe roles of 

salicylic acid in photosynthesis, osmolyte accumulation, 

antioxidant defence and hormonal signaling (Altaf et al., 

2023; Ali et al., 2024). 

 

Melatonin 
 

Melatonin acts as both a signaling and antioxidant 

molecule in plants. It is associated with reactive oxygen 

species regulation, chlorophyll maintenance, osmotic 

adjustment and improved tolerance to drought and other 

stresses (Wang et al., 2013). In fruit crops, melatonin has 

also been linked with fruit development, ripening and 

quality-related processes (Himanshu et al., 2024; Fan et 

al., 2022; Menaka et al., 2024; Kashyap et al., 2025). 

Based on evidence from other fruit crops and model 

systems, melatonin may have potential for use during 

sensitive reproductive and fruit-development stages in 

guava; however, its efficacy under guava-specific 

moisture-deficit conditions requires direct field 

validation. Melatonin is also involved in fruit 

development and ripening and interacts with stress-

signaling pathways (Manzoor et al., 2023; Jindal et al., 

2024). 

 

Glutathione 
 

Glutathione (GSH) is an important component of the 

cellular antioxidant and redox system. It helps detoxify 

reactive oxygen species, protects membranes and 

chloroplasts and supports normal metabolic activity 

under environmental stress (Hasanuzzaman et al., 2017). 

GSH also participates in the ascorbate–glutathione cycle, 

which is an important defence mechanism against 

oxidative injury. Glutathione could potentially contribute 

to the maintenance of chlorophyll stability and 

photosynthetic activity under moisture deficit, although 

this response should be experimentally verified in guava. 

Collectively, these bioregulators may support 

physiological stability under moisture deficit through 

complementary signaling, antioxidant and redox-

regulatory mechanisms. Recent evidence further 

describes GSH as a regulator of cellular redox stability 

and stress signaling (Rai et al., 2023; Noctor et al., 

2024). 

 

Phenology-guided foliar bioregulation 

framework 
 

Phenology-guided foliar bioregulation links the timing of 

foliar application with physiologically important 

developmental stages of guava. Early bud development, 

flower-bud appearance and the petal fall–fruit-set 

transition represent important windows because plant 

water relations, assimilate demand and stress sensitivity 

vary during these stages.  

 

Salicylic acid, melatonin and glutathione may provide 

complementary protection through stress signaling, 

osmotic adjustment, antioxidant defence and redox 

regulation. The proposed relationship between 

phenological stage, moisture deficit and bioregulator-

mediated protection is summarized in Fig. 4. 

 

As illustrated in Fig. 4, moisture deficit may impair plant 

water status, canopy cooling and photosynthetic stability, 

whereas appropriately timed bioregulator application 

may help maintain physiological functioning.  

 

However, this framework requires field validation across 

bioregulator doses, cultivars and environmental 

conditions. 
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Fig.1 Major phenological stages of guava (Psidium guajava L.) from bud emergence to fruit ripening, with 

corresponding Fleckinger codes, general scale and approximate days after pruning. 

 

 
 

Fig.2 Phenological progression of guava following pruning and alignment of critical foliar intervention 

windows with major developmental transitions. 
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Fig.3 Conceptual assessment of the relative physiological relevance of major moisture-deficit responses 

across phenological stages of guava 

 

 
 

Fig.4 Proposed phenology-guided framework linking moisture-deficit responses with the protective roles of 

foliar bioregulators in guava. 
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Table.1 Phenological stages of guava with Fleckinger codes, BBCH General Scale and approximate days 

after pruning 

 

Sr. No. Phenological stage Fleckinger code BBCH General Scale DAP 

1 Appearance of bud A 00 10 

2 Swelling of bud B1 01 21 

3 Growth of bud B2 02 28 

4 First leaves sprouting C 11 34 

5 More leaves unfolded D2 15 41 

6 Leaves completely developed D4 19 51 

7 Appearance of flower buds E1 51 54 

8 Flower bud visible E2 57 61 

9 Flower petals elongating E3 57 74 

10 Sepals fully opened E5 59 77 

11 Anthesis or 50% open flowers F 65 79 

12 Petal fall G 67 83 

13 Fruit setting H1 71 88 

14 Fruit growth (80% final size) I1 78 147 

15 Fruit colour changing J 81 154 

16 Fruit ripening K 89 158 

 

Table.2 Critical phenological windows for foliar intervention in guava 

 

Critical phenological 

window 

Approximate stage Main importance 

Bud emergence Bud appearance and early 

shoot growth 

Establishment of new shoots and leaf 

canopy 

Reproductive transition Flower-bud appearance Floral development and shift towards 

reproductive growth 

Fruit-set transition Petal fall to young fruit 

setting 

Fruit establishment and retention 

 

Table.3 Major functions of selected bioregulators under moisture stress 

 

Bioregulator Major role under moisture stress Possible physiological benefit 

Salicylic acid Stress signaling and antioxidant 

regulation 

Better water relations, chlorophyll 

protection and physiological activity 

Melatonin Antioxidant defence and ROS 

regulation 

Protection of photosynthetic system and 

improved stress tolerance 

Glutathione Cellular redox and antioxidant 

defence 

Protection of membranes and 

chloroplasts from oxidative damage 

 

Research gaps and future prospects 
 

Although guava phenology, deficit irrigation and plant 

bioregulators have been studied individually, limited 

information is available on their combined role during 

specific developmental stages. Most studies have 

focused either on irrigation management, flowering 

behaviour or the effect of individual bioregulators, while 

comparatively less attention has been given to stage-

specific stress sensitivity and the timing of foliar 
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interventions. Future research should therefore focus on 

identifying the most sensitive phenological stages of 

guava under moisture deficit and validating suitable 

bioregulator application timings under field conditions. 

Greater attention is also needed on the dose × 

phenological stage interaction of salicylic acid, 

melatonin and glutathione, particularly in mature guava 

orchards. 

 

Future studies should combine physiological indicators 

such as relative leaf water content, canopy temperature, 

chlorophyll stability, gas exchange and antioxidant 

activity with flowering, fruit set, yield, quality and water 

productivity. Multi-season and multi-location studies 

will also be important for confirming whether 

phenology-guided foliar application can provide 

consistent benefits under different cultivars and 

environments.  

 

Sensor-based measurements such as canopy temperature 

and plant water-status monitoring may further support 

precision irrigation and stage-specific foliar management 

in guava. Non-destructive thermal imaging and canopy-

temperature monitoring may further support real-time 

detection of crop water stress (Cho et al., 2024). 

 

In conclusion, Guava phenology provides a useful 

framework for understanding stage-specific responses to 

moisture deficit and for improving the timing of foliar 

interventions. Water stress can disturb plant water 

relations, canopy cooling, photosynthesis and 

antioxidant balance, particularly during sensitive 

reproductive stages. Salicylic acid, melatonin and 

glutathione may support stress tolerance through 

complementary physiological and biochemical 

mechanisms.  

 

Among the crop stages, early bud development, flower-

bud appearance and the petal fall–fruit-set transition 

appear particularly relevant for phenology-guided 

intervention. However, further multi-season field studies 

are required to validate suitable bioregulator × dose × 

phenological-stage combinations. Such an approach may 

contribute to improved stress tolerance, water 

productivity and sustainable guava production. 
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