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ABSTRACT

Tuberose (Polianthes tuberosa L.) is a highly valued ornamental and aromatic
plant known for its elegant, fragrant white flowers, widely cultivated for use in
the floriculture, landscaping and perfume industries. Its commercial success is
closely linked to floral quality, yield and the uniformity of blooming, which are
strongly influenced by nutrient management strategies. Among micronutrients,
zinc plays an indispensable role in various physiological and metabolic
processes, including enzyme activation, auxin synthesis, chlorophyll production,
protein synthesis and membrane stability. Zinc deficiency, particularly in alkaline
and calcareous soils, often leads to stunted growth, poor flower formation,
reduced chlorophyll content and overall yield loss, making zinc nutrition a
critical factor in tuberose cultivation. Precision zinc fertilization, a component of
precision agriculture, offers a promising solution by enabling site-specific, need-
based application of zinc using modern tools such as soil testing, GIS mapping,
GPS-guided applicators and foliar diagnostics. This approach enhances zinc use
efficiency, reduces environmental losses and supports sustainable floriculture
practices. The review synthesizes findings from experimental studies evaluating
the effects of various zinc sources (e.g., zinc sulfate, zinc-EDTA and nano-zinc)
and application methods (soil, foliar and fertigation) on the growth, flowering and
tuber development of tuberose. It further examines the challenges associated with
adoption, such as farmer awareness, economic feasibility and interaction with
other agronomic inputs. The paper concludes by identifying future research
priorities, including the need for region-specific zinc recommendations,
integration with other micronutrients and biostimulants and the development of
smart delivery systems. This comprehensive review aims to provide a foundation
for optimizing zinc nutrition in tuberose to enhance productivity and quality
sustainably.

INTRODUCTION

Polianthes tuberosa L., commonly referred to as tuberose, is an herbaceous,
perennial ornamental plant native to Mexico and now cultivated extensively in
tropical and subtropical regions of Asia, Africa and the Americas. Itis renowned for
its aesthetically pleasing waxy white flowers and its powerful, sweet fragrance,
which make it highly desirable for ornamental use in garden landscapes, floral
decorations and garlands. Beyond its ornamental appeal, tuberose holds significant
value in the perfume industry due to the extraction of essential oils from its flowers,
which are rich in aromatic compounds such as eugenol, methyl benzoate and
geraniol'.

As demand for naturally derived floricultural and aromatic products grows
globally, the commercial cultivation of tuberose has gained momentum. However,
optimizing its yield and quality remains a challenge due to a range of agronomic
constraints.
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One of the major concerns affecting tuberose cultivation
is nutrient imbalance, particularly the deficiency of essential
micronutrients. Soils in many floriculture-producing regions,
especially those with intensive cropping systems and poor
organic matter management, often suffer from micronutrient
depletion. Among these, zinc deficiency has emerged as a
critical factor limiting the growth, development and
productivity of tuberose’.

Zinc plays a fundamental role in plant metabolic
activities, including enzyme activation, protein synthesis,
auxin (a plant growth hormone) regulation and
photosynthetic efficiency. It also contributes to membrane
integrity and disease resistance. Zinc deficiency in tuberose
can result in several morphological and physiological
disorders such as chlorosis, reduced leaf size, malformed
flower spikes and diminished floral longevity. This not only
affects visual quality but also compromises market value
and post-harvest performance”.

In response to these challenges, precision fertilization
strategies have gained traction in recent years. Precision
agriculture, which integrates geospatial technologies, data
analytics and advanced nutrient delivery systems, enables
farmers to apply inputs such as fertilizers more accurately
and efficiently. Precision zinc fertilization is an important
subset of this approach, focusing on site-specific, need-
based application of zinc through methods such as soil
testing, foliar analysis and Variable Rate Application
(VRA). By delivering the right amount of zinc at the right
time and place, this technique can improve nutrient uptake,
reduce environmental losses and enhance overall plant
health”.

Despite its proven efficacy in enhancing growth and
yield in various crops, the adoption of precision zinc
fertilization in ornamental horticulture, particularly in
tuberose, remains limited. A lack of awareness, high initial
costs of precision tools and insufficient localized research
data are key barriers. Nonetheless, existing studies have
shown promising results regarding the use of different zinc
sources such as zinc sulfate, zinc-EDTA chelates and nano-
zinc particles applied via soil, foliar spray, or fertigation
methods’.

This review aims to bridge the knowledge gap by
consolidating current research findings related to zinc
nutrition in tuberose. It evaluates application techniques,
physiological responses and agronomic outcomes, while also
identifying critical research gaps and proposing future
directions. The overarching goal is to promote science-
based, sustainable zinc management practices in tuberose
cultivation to support higher productivity, better flower
quality and improved economic returns for growers’.

Botanical and agronomic overview of tuberose
Botanical classification and morphology: Tuberose
(Polianthes tuberosa L.), a member of the family

Asparagaceae and subfamily Agavoideae, is a
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monocotyledonous, perennial herbaceous plant prized for its
aesthetic and aromatic qualities. Native to Mexico, it thrives
in tropical and subtropical climates and is widely cultivated
for use in ornamental horticulture and the perfume industry.
The plant features a bulbous underground structure
composed of tuberous rhizomes that store nutrients and
support perennial growth. Its long, narrow, linear leaves
grow in a basal rosette and give rise to upright, unbranched
flowering stalks. These stalks bear dense clusters of tubular,
waxy white flowers renowned for their strong, pleasant
fragrance. The flowers bloom sequentially, making tuberose
a prolonged source of ornamental and commercial value.
Morphologically, tuberose varieties are typically classified
into three types: single, semi-double and double based on
the number and arrangement of floral petals, which
influence both appearance and essential oil yield’.

Growth stages and physiological requirements: Tuberose
(Polianthes tuberosaL.) progresses through distinct growth
stages: sprouting, vegetative growth, floral initiation,
flowering and corm maturation. Each phase is characterized
by unique physiological and nutritional demands. The
vegetative stage is marked by vigorous shoot and leaf
development, requiring elevated uptake of macronutrients,
especially nitrogen and essential micronutrients like zinc,
which is critical for enzyme function, protein synthesis and
cell division. During floral initiation and flowering,
phosphorus and potassium become increasingly important to
support floral differentiation, spike emergence and bloom
quality. Zinc continues to play a pivotal role during these
stages by enhancing flower formation, size and longevity.
Environmental factors such as temperature, light intensity,
soil moisture and photoperiod also profoundly affect plant
development. Optimal under
temperatures (25-30°C), moderate light and well-drained,
slightly acidic to neutral soils. A comprehensive
understanding of tuberose’s physiological needs at each
stage is vital for implementing targeted agronomic practices
and maximizing yield and flower quality®.

growth occurs warm

Optimal soil and climate conditions: Tuberose (Polianthes
tuberosa L.) performs best in well-drained, fertile sandy
loam soils with a neutral to slightly acidic pH ranging
from 6.5 to 7.5. Soil structure and nutrient composition
significantly influence root development, nutrient uptake
and overall plant vigor. Deficiencies in organic matter or
essential micronutrients, particularly zinc, can impair
physiological functions, leading to stunted growth and
reduced floral output. Warm climatic conditions are ideal for
tuberose cultivation, with optimal temperatures ranging
between 25°C and 35°C. The plant exhibits a strong
response to sunlight and requires full sun exposure for
robust spike development and enhanced flower production.
Although, tuberose demonstrates moderate drought tolerance
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due to its tuberous root system, consistent soil moisture is
essential during the vegetative and flowering stages.
However, waterlogging must be avoided, as it can cause
bulb rot and adversely affect plant health. These soil and
climatic preferences underscore the importance of site
selection and irrigation management in maximizing tuberose
productivity’.

Traditional cultivation practices: Tuberose (Polianthes
tuberosal..) is conventionally propagated vegetatively using
bulbs, with manual planting typically carried out at the onset
of the growing season. Farmers commonly incorporate
organic manure into the soil and apply basal doses of
macronutrients such as Nitrogen (N), Phosphorus (P) and
potassium (K) to support early plant development. Despite
the recognized importance of micronutrients, particularly
zinc, their application is frequently neglected in traditional
farming systems. Irrigation is applied periodically based on
soil moisture conditions, while key cultural practices,
including weeding, earthing up and flower harvesting, are
performed manually. Although these methods are widely
practiced and cost-effective, the absence of precision
in nutrient management, especially in micronutrient
supplementation, often restricts the crop’s yield potential
and flower quality. This underlines the need for more
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targeted and balanced fertilization strategies to address
hidden nutrient deficiencies and enhance productivity in
tuberose cultivation systems'.

Role of zinc in plant physiology

Importance of zinc in enzymatic and hormonal activities:
Zinc (Zn) is an essential micronutrient required for a wide
range of biochemical and physiological functions in plants.
It acts as a cofactor for more than 300 enzymes involved in
carbohydrate metabolism, protein synthesis and auxin (a
plant growth hormone) biosynthesis. Zinc-dependent
enzymes such as carbonic anhydrase, alcohol dehydrogenase
and superoxide dismutase are critical for maintaining
cellular homeostasis and stress tolerance. Moreover, zinc
stabilizes the structure of ribosomes and membranes,
influencing growth and cell division (Fig. 1)".

Role in photosynthesis, protein synthesis and cell
elongation: Zinc is directly involved in chlorophyll
formation and influences the efficiency of photosynthesis by
stabilizing the photosynthetic apparatus and protecting it
from oxidative stress. It contributes to protein biosynthesis
by enhancing RNA polymerase activity and facilitating
ribosome function. Additionally, zinc plays a critical role in
cell elongation and leaf expansion through its effect on

Soil: Testing

Dertermine zinc deficiency

Select zinc fertilizer type

Enhanced growth and yield

Fig. 1: The Flow diagram shows the role of zinc in plant physiology
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auxin metabolism. It regulates internodal elongation, floral
initiation and seed development, making it vital during both
vegetative and reproductive growth phases'”.

Zinc deficiency symptoms in plants (including tuberose):
Zinc deficiency is a widespread nutritional disorder in
plants, especially in calcareous or alkaline soils with high
phosphorus levels, which reduce zinc availability. General
symptoms include interveinal chlorosis, reduced leaf size,
shortened internodes (rosetting) and stunted growth. In
tuberose, zinc deficiency may manifest as poor shoot
elongation, pale or mottled leaves, reduced flowering and
malformed or undersized floral spikes. Prolonged deficiency
can result in decreased biomass and compromised bulb
development, ultimately reducing the commercial value of
the crop”.

Antagonism/synergism with other nutrients: Zinc
interacts both synergistically and antagonistically with other
nutrients. High levels of Phosphorus (P) can induce zinc
deficiency due to the formation of insoluble zinc phosphate
compounds in the rhizosphere. Similarly, excess Calcium
(Ca) or Iron (Fe) may compete with zinc uptake. On the
other hand, zinc shows synergistic relationships with
micronutrients such as Manganese (Mn) and Copper (Cu)
when applied in balanced proportions. Understanding these
interactions is crucial for optimizing fertilizer formulations
and avoiding nutrient imbalances that could affect plant
health and productivity'.

Zinc nutrition in tuberose: evidence from research
Impact of zinc on growth, flowering and tuber
formation: Multiple experimental studies have confirmed
the pivotal role of zinc in enhancing the vegetative and
reproductive performance of Polianthes tuberosa. Zinc
application has been associated with increased plant height,
leaf number, chlorophyll content and flower spike length.
Studies have shown that zinc supplementation improves
floral yield by increasing the number of florets per spike and
extending the blooming period. Furthermore, zinc enhances
tuber development by promoting root elongation, nutrient
uptake and carbohydrate translocation,
contributing to better propagation material and commercial
yield”.

ultimately

Zinc sources in research studies: Several forms of zinc
fertilizers have been evaluated for their efficacy in
enhancing tuberose growth and productivity. Among them,
zinc sulfate (ZnSO,) is the most commonly used inorganic
source, valued for its cost-effectiveness and widespread
availability. However, its solubility and effectiveness can be
limited in alkaline and calcareous soils due to fixation and
reduced plant uptake. To overcome such limitations, zinc
chelates, particularly Zn-EDTA (ethylenediaminetetraacetic
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acid), have been

maintain zinc in a soluble and plant-available state, offering

employed. These chelated forms
improved uptake under challenging soil conditions.

Recently, nano-zinc formulations have emerged as
innovative and sustainable alternatives. These nanoparticles
possess slow-release properties, enhanced absorption
efficiency and reduced environmental losses. Research
indicates that nano-zinc not only improves photosynthetic
activity and chlorophyll content but also enhances flower
quality and yield at lower application rates compared to
conventional sources. Selecting an appropriate zinc
formulation is crucial for site-specific and efficient nutrient

. . . 1
management in tuberose cultivation .

Application methods: Zinc has been applied through
various methods in tuberose trials, each with varying levels
of efficacy:

»  Soil application: Provides long-term zinc availability
but is prone to fixation in high pH soils

» Foliar application: Offers rapid absorption and
correction of deficiency symptoms, especially during
critical growth stages

e Fertigation: Integration of zinc into drip irrigation
systems ensures uniform distribution and precision
dosing, though less commonly used in tuberose studies.

Integrated application combining soil and foliar
treatments has shown synergistic effects, enhancing both
growth and flower production'.

Dose-response relationships and critical levels: Research
indicates a clear positive dose-response relationship between
zinc application and tuberose growth, up to an optimal
threshold. Zinc sulfate applied at rates of 5-10 kg/ha has
consistently demonstrated improvements in vegetative vigor,
flower yield and overall plant health. However, exceeding
this range may lead to toxicity or antagonistic interactions
with other essential nutrients such as iron and manganese,
potentially impairing uptake and physiological functions.
Foliar applications of ZnSO, at concentrations between 0.5
and 1.0% during critical vegetative and flowering phases
have proven particularly effective in enhancing zinc
availability and uptake efficiency. These sprays are often
used to correct transient deficiencies and stimulate flower
formation. The critical zinc concentration in tuberose leaf
tissue is typically estimated at 20-30 mg/kg dry weight,
although this threshold may vary depending on cultivar
characteristics, soil pH and background nutrient levels.
Accurate diagnosis and calibrated dosing are therefore
essential for achieving optimal results in zinc fertilization
programs'.
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Table 1: Key Parameters and findings in tuberose under precision zinc fertilization

Treatment Application
Parameter (Zinc Source) method Observed Effect References
Plant height ZnS0O, (5 kg/ha) Soil Increased height by 12-18% Ashok"”’
Leaf number Zn-EDTA Foliar (0.5%)  Higher leaf count Smith et al."®
Chlorophyll content Nano-Zn Foliar Increased SPAD value Kanavi et al.”
Spike length ZnSO, Soil+Foliar Longer floral spikes Biswas et al.”
Number of spikes/plant Zn-EDTA Foliar More spikes per plant Bhantana et al.”
Florets per spike ZnSO, Soil Floret count increased Yadav et al.”
Tuber yield ZnSO, Soil 20-30% increase in tuber weight Javanmardi and Rasuli®
Plant biomass Zn-EDTA Soil+Foliar Enhanced biomass Bahmanzadegan et al**
Flower quality Nano-Zn Foliar Improved fragrance and petal thickness Pahi and Rout™
Leaf area Zn-EDTA Foliar Broader leaves recorded Luis et al.”®
Photosynthetic rate Nano-Zn Foliar Improved photosynthesis rate Jalal et al.”’
Zinc uptake efficiency Zn-EDTA Soil Higher Zn content in leaves Montanha et al.”®
Cost-benefit ratio ZnSO, Soil ROI improved due to higher flower yield Noufal et al.”
Soil zinc content post-harvest ZnSO, Soil Slight residual increase Yadav et al.*
Plant survival rate ZnSO, Soil Better seedling establishment Polwaththa and
Amarasinghe™
Flowering initiation time Zn-EDTA Foliar Earlier flowering observed Dhaliwal et al.*
Multiplication rate ZnSO, Soil Higher daughter bulb formation Vinichuk et al.*
Market acceptability Nano-Zn Foliar Increased due to improved uniformity Liu et al.*
Compatibility with organic inputs ~ ZnSO, Soil Compatible with compost amendments Maity et al.*
Zinc toxicity symptoms High Zn (>10 kg/ha)  Soil Leaf burn and stunting Jeyakumar and
Balamohan™
Synergism with iron Zn+Fe Foliar Improved overall micronutrient uptake Feizi et al.”’
Precision tech feasibility All zinc forms GPS/VRA Technically feasible but cost-restrictive Prom-u-thai et al.*®
application

Precision zinc fertilization techniques

Definition and principles of precision agriculture:
Precision agriculture is a modern farming approach that
leverages technology and data analytics to manage crop
inputs such as water, fertilizers and pesticides with pinpoint
accuracy. The goal is to optimize input use efficiency,
enhance crop productivity, reduce environmental impact and
ensure sustainability. In the context of micronutrient
management, precision fertilization refers to the application
of the right nutrient, at the right dose, time and location
based on spatial and temporal crop needs (Table 1)*.

Tools and technologies:

¢ Soil testing, GIS, GPS, remote sensing: Several tools
enable site-specific zinc fertilization

¢ Soil testing: Regular laboratory-based or on-site soil
testing identifies zinc availability and helps establish
baseline nutrient levels for targeted intervention

¢ Geographic information systems (GIS): GIS maps
soil fertility variations and supports the identification
of zinc-deficient zones in fields

¢ Global positioning systems (GPS): The GPS-enabled
machinery ensures accurate spatial application of zinc
fertilizers

¢ Remote sensing and drones: These technologies
assess plant health and detect micronutrient deficiencies
via vegetation indices such as NDVI (Normalized
Difference Vegetation Index), which can indirectly
indicate nutrient stress*’
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Variable rate application (VRA) and site-specific
nutrient management: Variable Rate Application (VRA)
technology allows the delivery of zinc fertilizers at different
rates across a field based on localized requirements. The
VRA systems can be integrated into mechanized sprayers or
fertigation setups, ensuring efficient zinc use while
preventing over-or under-application. Site-Specific Nutrient
Management (SSNM) involves tailoring zinc doses to
match the nutrient uptake potential of specific field zones,
improving both economic returns and ecological
sustainability. In floriculture, where aesthetics and quality
matter as much as quantity, SSNM helps maintain
uniformity in growth and flowering®'.

Case studies and examples from floriculture or tuberose
trials: Although, the adoption of precision agriculture in
floriculture remains in its nascent stages, early trials have
demonstrated encouraging outcomes, particularly in

micronutrient In tuberose, foliar zinc
application tailored through leaf tissue analysis and timed to
critical growth phases notably improved spike length and

floret count compared to traditional blanket fertilization

management.

methods. Similar precision approaches in other floricultural
crops have yielded comparable benefits. For instance, in
gerbera and marigold cultivation, the use of GIS-based
nutrient mapping and Variable Rate Application (VRA) of
zinc and iron led to enhanced flower size, pigmentation
intensity and postharvest shelf life. Furthermore, studies
involving nano-zinc application in gladiolus reported
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superior zinc uptake efficiency, improved floral attributes
and reduced environmental residues, presenting a replicable
framework for tuberose production. These findings
collectively underscore the transformative potential of
precision zinc fertilization in optimizing yield, enhancing
ornamental quality and promoting sustainability in tuberose
cultivation systems**.

Benefits of precision zinc fertilization in tuberose
Enhanced growth parameters: Precision zinc fertilization
significantly contributes to the vegetative vigor of Polianthes
tuberosa. Targeted zinc application improves plant height,
leaf number and leaf area, which are directly linked to
greater photosynthetic capacity. Chlorophyll content is
enhanced due to zinc’s critical role in chlorophyll
biosynthesis and membrane stability, resulting in healthier
foliage and robust growth. Precision dosing ensures that the
nutrient is available at the right growth stage, optimizing
physiological and minimizing deficiency
symptoms'.

functions

Improved flowering characteristics: Zinc application,
particularly through foliar sprays at the right phenological
stage, has been shown to boost flower spike production,
increase the number of florets per spike and enhance flower
size and weight. Flower longevity a critical trait for
marketability is also positively influenced due to zinc's role
in delaying senescence and promoting hormone regulation.
These improvements translate into better aesthetic appeal
and extended vase life, which are essential in commercial
floriculture’.

Increased yield and market quality: By ensuring adequate
zinc availability throughout the growth cycle, precision
fertilization enhances both quantitative and qualitative yield.
Studies report increased number of spikes per plant, tuber
multiplication rate and bulb weight, all of which contribute
to the overall productivity of tuberose. Additionally, uniform
flowering and improved fragrance intensity enhance the
market value and consumer acceptance of the harvested
flowers, especially in the cut-flower and perfumery
industries®.

Resource efficiency and reduced environmental impact:
Precision zinc fertilization ensures maximum nutrient use
efficiency, minimizing wastage and runoff losses that
commonly occur with blanket applications. By applying zinc
in the exact amounts needed, it reduces the risk of toxicity
to plants and prevents soil and water contamination. This
practice supports sustainable agriculture by conserving
inputs and protecting ecological health while meeting
the high-quality standards of ornamental horticulture.
Furthermore, reduced input costs and enhanced crop value
lead to improved economic returns for farmers™®.
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Constraints and challenges

Limited farmer awareness and adoption in
developing regions: One of the primary constraints to the
implementation of precision zinc fertilization in tuberose
cultivation, particularly in developing countries, is the
limited awareness among farmers regarding micronutrient
deficiencies and their impact on crop health and yield. Many
small-scale growers still rely on traditional practices and are
unfamiliar with the specific role of zinc in plant physiology.
Additionally, extension services often lack the technical
capacity to promote micronutrient-specific management or
train farmers on precision agriculture concepts, leading to

low adoption rates despite demonstrated benefits™.

Cost and access to precision tools and zinc formulations:
The high initial cost of precision farming equipment such as
GPS-enabled sprayers, soil sensors and remote sensing
tools poses a significant barrier, especially for resource-
constrained farmers. Moreover, advanced zinc formulations
like zinc-EDTA chelates and nano-zinc fertilizers are often
more expensive and less readily available in local markets
compared to conventional zinc sulfate. This financial and
logistical challenge limits widespread adoption and forces
farmers to continue using inefficient or suboptimal
fertilization practices'.

Interaction with other agronomic practices: Precision
zinc fertilization must be integrated with other agronomic
practices such as irrigation scheduling, organic amendments
and macro-nutrient management to be fully effective.
However, inconsistent or inappropriate practices in these
areas can affect zinc availability in the soil. For instance,
over-irrigation may lead to leaching, while excessive
phosphorus application can induce zinc deficiency through
antagonistic interactions. Similarly, the use of composts or
manures with unbalanced nutrient profiles can alter soil pH
and microbial activity, influencing zinc solubility and
uptake. Without a holistic management strategy, the
effectiveness of zinc fertilization may be compromised®.

Future perspectives and research gaps

Need for long-term field studies on economic viability:
While short-term studies have demonstrated the positive
effects of zinc fertilization on tuberose growth and yield,
there remains a significant gap in long-term, multi-season
field trials that evaluate the economic sustainability and
cost-benefit ratio of precision zinc application. Such studies
are essential to understand the cumulative impact of zinc on
soil health, tuber multiplication rates and profitability over
successive growing cycles. Comprehensive economic
assessments would help convince growers and policymakers
of the long-term value of investing in precision
micronutrient management™.
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Development of region-specific zinc recommendation
charts: Zinc requirements vary based on soil type, climate,
tuberose cultivar and existing nutrient status. Currently,
there is a lack of localized zinc recommendation charts that
guide dosage, timing and application method for specific
agro-ecological zones. Future research should focus on
developing diagnostic tools such as zinc sufficiency
thresholds based on soil and tissue testing and translating
this data into user-friendly recommendations tailored to
regional growing conditions®’.

Use of nano-fertilizers and smart delivery systems: Nano-
fertilizers, especially nano-zinc formulations,
promising advantages such as higher absorption efficiency,
targeted delivery and minimal environmental impact.
However, their application in tuberose cultivation is still in
its infancy. More research is needed to determine optimal
nanoparticle size, coating materials and release dynamics to
maximize efficacy and safety. Furthermore, smart delivery
systems including controlled-release formulations and
microencapsulation should be explored to improve nutrient
uptake while reducing losses due to leaching or fixation®.

offer

Integration with other micronutrients and biostimulants:
Zinc does not function in isolation but interacts with other
micronutrients such as iron, manganese and boron, as well
as with organic compounds like biostimulants and Plant
Growth-promoting Rhizobacteria (PGPRs). Integrated
nutrient management approaches that combine zinc with
other and biological agents
synergistically enhance plant health, stress tolerance and
productivity. Further research is needed to identify
compatible combinations, evaluate their interactive effects
and develop integrated packages for sustainable floriculture
production®.

micronutrients can

CONCLUSION

Zinc plays an indispensable role in the growth,
development and floral quality of Polianthes tuberosa L.,
influencing key physiological processes such as enzyme
activity, chlorophyll production, hormone regulation and
tuber formation. Its deficiency not only limits vegetative
vigor but also compromises flowering and overall yield,
underscoring the need for targeted zinc management in
tuberose cultivation. Precision zinc fertilization, rooted in
the principles of sustainable agriculture,
scientifically sound strategy to optimize nutrient use

offers a
efficiency while minimizing environmental impact. Through
the integration of soil testing, GIS mapping, foliar nutrition
and emerging technologies like nano-fertilizers, growers can
address site-specific zinc needs with greater accuracy and
effectiveness. To fully harness the benefits of zinc nutrition
in tuberose, a shift toward evidence-based and regionally
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adapted nutrient management strategies is essential.
Continued research, farmer training and policy support will
be key to translating scientific knowledge into practice. By
embracing precision approaches, the floriculture industry
can significantly enhance tuberose productivity, quality and
profitability in an environmentally responsible manner.

REFERENCES

1. Abdalghani S. Influence of nitrogen, potassium and
phosphorus application  of
micronutrient of iron, zinc and manganese on bulb
characteristics of single flower tuberose plants
(Polianthes tuberosa, L.). Algalam J Med Appl Sci.
2024;7(3):656-663.

Mudassir S, Ahmad R, Anjum MA. Foliar application of
micronutrients enhances growth, flowering, minerals

fertilizers with foliar

absorption and postharvest life of tuberose (Polianthes
tuberosa L.) in calcareous soil. J Hortic Sci Technol.
2021;4(2):41-47.

3. Tehreema I, Majeed H, Waheed M, Zahra SS, Niaz M,

Bilal B, Riaz M. Tuberose. In: Zia-Ul-Haq M, AL-Hugqail

AA, Riaz M, Gohar UF, editors. Essentials of Medicinal

and Aromatic Crops. Cham: Springer; 2023. p. 373-397.

doi:10.1007/978-3-031-35403-8_15

Babarabie M, Zarei H, Badeli S, Danyaei A, Ghobadi F.

Humic acid and folic acid application improve marketable

traits of cut tuberose (Polianthes tuberosa). J Plant Physiol

Breed. 2020;10(1):85-91.

5. Karimian N, Nazari F, Samadi S. Morphological and
biochemical properties, leaf nutrient content and vase life
of tuberose (Polianthes tuberosa L.) affected by root or
foliar applications of silicon (Si) and silicon nanoparticles
(SiNPs). J Plant Growth Regul. 2020;40:2221-2235.

6. HasnaPM, Rafeekher M, Priyakumari I, Reshmi CR, Leno
N, Gopinath PP. Optimization of manuring and fertigation
in tuberose hybrid Arka Prajwal. J Appl Hortic.
2024;26(3):387-391.

7. Khan FN, Naznin A, Ambia K, Bhuyin MMR. Effect of

varieties and planting materials on growth, flowering and

bulb production in tuberose. J Ornamental Plants.

2020;10(3):135-143.
8. Kumar M, Chaudhary V, Kumar M, Sirohi U, Yadav M.
Application of conventional and mutation approaches in
genetic improvement of tuberose (Polianthes tuberosa L.):
A review on recent development and future perspectives.
Int J Agric Environ Biotechnol. 2021;14(3):277-297.
Eisa EA, Honfi P, Kohut I, Tilly-Médndy A. Advancing
tuberose (Agave amica Medik.) Thiede and Govaerts
cultivation: Insights into characteristics, cultivation
practices and breeding strategies. In: Wani MA, Al-Khayri
IJM, Jain SM, editors. Breeding of Ornamental Crops:
Bulbous Flowers. Cham: Springer Nature Switzerland,;
2025. p. 79-139.
Srivastava RK, Pareek N, Chand S, Bhuj B, Pant K,
Belwal S. Rhizospheric fungal and bacterial bio-agents in
flowering and bulb of tuberose (Polianthes tuberosa L.).
Bangladesh J Bot. 2022;51(3):565-572.

10.



Zarrish Rafique et al.

11.

12.

14.

15.

16.

17.

18.

19.

20.

21.

Hassan MU, Aamer M, Chattha MU, Haiying T, Shahzad
B, Barbanti L et al. The critical role of zinc in plants
facing the drought stress. Agriculture. [Internet].
2020;10(9). Available from:
https://doi.org/10.3390/agriculture 10090396

Clemens S. The cell biology of zinc. J Exp Bot
2021;73(6):1688-1698.

. Suganya A, Saravanan A, Manivannan N. Role of zinc

nutrition for increasing zinc availability, uptake, yield and
quality of maize (Zea mays L.) grains: An overview.
Commun Soil Sci Plant Anal. [Internet]. 2020;51(15).
Available from:
https://doi.org/10.1080/00103624.2020.1820030

Kaur H, Garg N. Zinc toxicity in plants: A review. Planta.
[Internet]. 2021;253. Available from:
https://doi.org/10.1007/s00425-021-03642-z
Lozano-Gonzilez JM, Valverde C, Hernidndez CD,
Martin-Esquinas A, Hernidndez-Apaolaza L. Beneficial
effect of root or foliar silicon applied to cucumber plants
under different zinc nutritional statuses. Plants. [Internet].
2021;10(12). Available from:
https://doi.org/10.3390/plants 10122602

Tiirkoglu A, Haliloglu K, Ekinci M, Turan M, Yildirim E,
Oztiirk HI et al. Zinc oxide nanoparticles: An influential
element in alleviating salt stress in quinoa (Chenopodium
quinoa L. Cv atlas). Agronomy. [Internet]. 2024;14(7).
Available from:

https://doi.org/10.3390/agronomy 14071462

Ashok PN. Effect of zinc sulphate on growth, yield and
quality of kharif rice (Oryza sativa L.) Grown with
different crop establishment methods in lateritic soils of
Konkan region [Master's thesis]. ICAR-Indian Agricultural
Research Institute; 2020.

Smith CA, Walworth JL, Comeau MJ, Heerema RIJ,
Sherman JD. Does foliar zinc application boost leaf
photosynthesis of 'Wichita' pecan fertigated with zinc-
EDTA? Hortscience. 2021;56(5):579-582.

Kanavi GBJ, Sunil C, Salimath SB, Mallikarjuna HB,
Kadam PV, Jeevan HR. Evaluation of the effect of foliar
nano nitrogen and zinc on chlorophyll (SPAD) and
qualitative traits of green chilli in comparison with
urea and ZnSO,. Int J Environ Clim Change.
2023;13(9):2317-2322.

Biswas SS, Natta S, Kalaivanan NS, Gowda HC, De LC,
Das SP. Potassium application enhances vegetative and
reproductive yield of Zygopetalum maculatum and reduces
post-flowering K depletion from storage organs of the
orchid. Sci Rep. [Internet]. 2025;15. Available from:
https://doi.org/10.1038/s41598-025-89452-9

Bhantana P, Timlin D, Rana MS, Moussa MG, Zhihao D,
Sun X et al. Howto cut down the gap between the
Zn requirement and supply of food chain and crop growth:
A critical review. Int J Plant, Anim Environ Sci.
2020;10:1-26.

31

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Insights in Horticulture, Vol 1 (2025)

Yadav KL, Meena RS, Mishra A, Singh S, Joshi U, Yadav
KK. Impact of zinc application on growth, yield and
quality of African marigold in semi-arid conditions. J Sc1
Res Rep. 2024;30(10):693-705.

Javanmardi J, Rasuli F. Potato yield and tuber quality as
affected by gibberellic acid and zinc sulfate. /ran Agric
Res. 2017;36(2):7-12.

Bahmanzadegan A, Tavallali H, Tavallali V, Karimi MA.
Variations in biochemical characteristics of Zataria
multiflora in response to foliar application of zinc nano
complex formed on pomace extract of Punica granatum.
Ind Crops Prod. [Internet]. 2022;187. Available from:
https://doi.org/10.1016/j.indcrop.2022.115369

Pahi B, Rout CK. Efficacy of zinc application on
growth, yield and quality attributes of strawberry
(Fragaria x ananassa Duch.) cultivars. Plant Arch.
2025;25(1):415-420.

Luis IC, Lidon FC, Pessoa CC, Marques AC, Coelho ARF,
Simdes M et al. Zinc enrichment in two contrasting
genotypes of Triticum aestivum L. grains: Interactions
between edaphic conditions and foliar fertilizers. Plants.
[Internet]. 2021;10(2). Available from:
https://doi.org/10.3390/plants 10020204

Jalal A, Oliveira CEDS, Fernandes GC, Silva ECD, Costa
KND, Souza JSD et al. Integrated use of plant growth-
promoting bacteria and nano-zinc foliar spray is a
sustainable approach for wheat biofortification, yield and
zinc use efficiency. Front Plant Sci. [Internet]. 2023;14.
Available from: https://doi.org/10.3389/fpls.2023.1146808
Montanha GS, Rodrigues ES, Romeu SL, Almeida ED,
Reis AR, Lavres J et al. Zinc uptake from ZnSO, (,,, and
Zn-EDTA ,, and its root-to-shoot transport in soybean
plants (Glycine max) probed by time-resolved in vivo X-
ray spectroscopy. Plant Sci [Internet]. 2020;292.
Available from:
https://doi.org/10.1016/j.plantsci.2019.110370

Noufal E, Farid I, Attia M, Ahmed R, Abbas M. Effect of
traditional sources of Zn and ZnO-nano-particles foliar
application on productivity and P-uptake of maize plants
grown on sandy and clay loam soils. Environ, Biodivers
Soil Secur. 2021;5(2021):59-72.

Yadav SL, Rai HK, Yadav IR, Kumar A, Choudhary M.
Effect of zinc application strategies on growth and yield of
soybean in central India. Int J Plant Soil Sci.
2021;33(24):490-497.

Polwaththa KDM, Amarasinghe AY. Influence of copper
and zinc sulfates on in vitro propagation efficiency of
orchids (Dendrobium phalaenopsis): A step towards
optimizing clonal propagation protocols. Inf J Sci Res
Archive. 2024;13(1):2150-2160.

Dhaliwal SS, Sharma V, Shukla AK, Kaur J, Verma V,
Kaur M et al. Zinc-based mineral (ZnSO, -7H,0) and
chelated (Zn-EDTA) fertilizers improve the productivity,
quality and efficiency indices of field pea (Pisum sativum
L.) through biofortification. J Trace Elem Miner.
[Internet]. 2022;2. Available from:
https://doi.org/10.1016/j.jtemin.2022.100033



Zarrish Rafique et al.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Vinichuk M, Bergman R, Sundell-Bergman S, Rosén K.
Response of spring wheat and potato to foliar application
of Zn, Mn and EDTA fertilizers on *’Cs uptake. J Environ
Radioact. [Internet]. 2021;227. Available from:
https://doi.org/10.1016/j.jenvrad.2020.106466

LiuM, Xu M, Yu H, Fu H, Tang S, Ma Q et al. Spraying
ZnEDTA at high concentrations: An ignored potential for
producing zinc-fortified pear (Pyrus spp.) fruits without
causing leaf and fruitlet burns. Sc/ Hortic. [Internet].
2023;322. Available from:
https://doi.org/10.1016/j.scienta.2023.112380

Maity A, Sharma J, Sarkar A, Basak BB. Zinc nutrition
improves fruit yield, quality and reduces bacterial
blight disease severity in pomegranate (Punica granatum
L.). J Plant Nutr. 2022;46:2060-2076.

Jeyakumar P, Balamohan T. Diagnosis of nutritional
disorders. Tamil Nadu Agricultural University,
Coimbatore; 2020. https://annamalaiuniversity.ac.in/
studport/download/agri/soilsci/resources/MEL456(s0il%
20Science)%20Lecture %20No.10.pdf

Feizi H, Hosseini SZ, Moradi R. Synergistic effects of
humic acid and foliar application of micronutrients (Fe,
Zn, Mn, Cu) on saffron (Crocus sativus L.) growth and
biochemical compounds. J Agric Food Res. [Internet].
2025;19. Available from:
https://doi.org/10.1016/j.jafr.2024.101601

Prom-u-thai C, Rashid A, Ram H, Zou C, Guilherme LRG,
Corguinha APB et al. Simultaneous biofortification of rice
with zinc, iodine, iron and selenium through foliar
treatment of a micronutrient cocktail in five countries.
Front Plant Sci. [Internet]. 2020;11. Available from:
https://doi.org/10.3389/fpls.2020.589835

Polwaththa KPGDM, Amarasinghe AAY, Nandasena
GMS. A review of innovative fertilization strategies in
precision agriculture. Open Access Res J Sci Technol.
2024;12:49-57.

LuY, Liu M, Li C, Liu X, Cao C, Li X et al. Precision
fertilization and irrigation: Progress and applications.
Agriengineering. 2022;4:626-655.

Xing Y, Wang X. Precise application of water and
fertilizer to crops: Challenges and opportunities.
Front Plant Sci. [Internet]. 2024;15. Available from:
https://doi.org/10.3389/fpls.2024.1444560

32

42.

43.

44,

45.

46.

47.

48.

49.

Insights in Horticulture, Vol 1 (2025)

Radocaj D, Jurisi¢ M, Gasparovi¢ M. The role of remote
sensing data and methods in a modern approach to
fertilization in precision agriculture. Remote Sens.
[Internet]. 2022;14. Available from:
https://doi.org/10.3390/rs14030778

Arunkumar M, Keisar LD, Chitra R, Pazhanivelan S, Raju
M, Vakeswaran V. Intercomparison of drone and
conventional spraying of macro and micro nutrients on
growth yield and quality of Tuberose (Agave amica
Medik.) Cv. arka Plant Sci
2024;11(3):692-698.

Zaman R, Ahmmed ANF. Insights from tuberose farmers:
A survey study in Jashore district, Bangladesh. PLoS
ONE. [Internet]. 2024;19. Available from:
https://doi.org/10.1371/journal.pone.0302841

Mysore S. Transforming horticulture for sustainable

prajwal. Today.

development: Research and policy options. Indian J Agric
Economics. 2024;80:38-58.

Akter S. Financial profitability analysis of gerbera flower
cultivation in some selected areas of Jashore district
[Master's thesis]. Sher-E-Bangla Agricultural University;
2021.

Haile D, Brown KH, McDonald CM, Luo H, Jarvis M,
Teta I et al. Applying zinc nutrient reference values as
proposed by different authorities results in large
differences in the estimated prevalence of inadequate zinc
intake by young children and women and in Cameroon.
Nutrients. [Internet]. 2022;14. Available from:
ttps://doi.org/10.3390/nu14040883

Abdalla Z, El-Sawy S, El-Bassiony AEM, Jun H, Shedeed
S, Okasha A et al. Smart fertilizers vs. nano-fertilizers: A
pictorial overview. Environ, Biodivers Soil Secur.
2022;6(2022):191-204.

Papa S, Fusco GM, Ciriello M, Formisano L,
Woo SL, Pascale SD et al.
microbial biostimulants as innovative tools to increase

Microbial and non-

macro and trace element mineral composition of tomato

and spinach. Horticulturae. [Internet]. 2022;8(12).

Available from:
https://doi.org/10.3390/horticulturae8121157



