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Abstract

Plant reproduction is a highly coordinated and finely tuned process, governed by a dynamic network of
endogenous cues in which plant growth hormones play central roles. Phytohormones such as auxins,
gibberellins, cytokinins, abscisic acid (ABA), ethylene, jasmonates, and brassinosteroids act as master
regulators, modulating developmental transitions from the vegetative phase to reproductive growth. These
signaling molecules influence a wide range of reproductive events, including floral initiation, gametogenesis,
pollination, fertilization, fruit development, and seed maturation. Auxins and gibberellins, for instance, are
crucial for floral organ differentiation and fruit set, whereas cytokinins regulate ovule development and
gametophyte viability. In contrast, ABA often imposes dormancy and stress-mediated control, while ethylene
mediates processes such as flower senescence and fruit ripening. Recent research emphasizes not only the
individual contributions of these hormones but also their intricate synergistic and antagonistic crosstalk, which
provides plants with remarkable plasticity to adapt reproductive strategies under varying environmental
conditions. Advances in molecular biology, omics approaches, and genetic engineering have shed light on
hormone signaling pathways and their downstream regulatory networks, offering new opportunities to
manipulate reproductive traits for crop improvement. Understanding the hormonal regulation of reproduction
has profound agricultural implications, particularly in enhancing yield stability, hybrid seed production, stress
resilience, and fruit quality. This review synthesizes current insights into the hormonal control of plant
reproduction, underscores their practical applications in modern agriculture, and highlights promising directions

for future research aimed at sustainable food production and global food security.
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1. Introduction

Reproduction is a fundamental biological process that ensures survival and genetic continuity across plant
generations. Unlike animals, plants are sessile organisms and thus rely heavily on environmental signals such as

light, photoperiod, and temperature to synchronize reproductive development with favorable conditions. These
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exogenous cues are integrated with endogenous regulators, primarily phytohormones, which act as master
signaling molecules coordinating the transition from vegetative to reproductive growth (Li et al., 2023; Xu et
al., 2024).

Phytohormones are small organic compounds synthesized in minute concentrations but exert disproportionately
large effects on plant growth, differentiation, and reproductive success. The “classical” phytohormones—
auxins, gibberellins (GAs), cytokinins, ethylene, and abscisic acid (ABA)—play well-established roles in floral
induction, gametophyte development, fertilization, fruit set, and seed maturation (Sharma et al., 2021; Wei et
al., 2023). In recent years, additional regulators such as jasmonates, salicylic acid, brassinosteroids, and
strigolactones have emerged as crucial modulators of reproductive processes, often acting at the interface of

stress responses and developmental signaling (Zhou et al., 2022; Frontiers in Plant Science, 2024).

Recent research highlights the significance of hormonal crosstalk, whereby synergistic and antagonistic
interactions among hormones fine-tune reproductive outcomes. For example, auxin—gibberellin interplay
governs ovule initiation and fruit development (Wei et al., 2023), while brassinosteroid—cytokininsignaling
regulates floral organ differentiation (Xu et al., 2024). Advances in transcriptomics, proteomics, and genome
editing have further revealed complex regulatory networks, including post-translational modifications such as
O-fucosylation of auxin response factors (ARFs) that control fruit initiation and parthenocarpy (Zhang et al.,
2025).

A comprehensive understanding of these regulatory mechanisms is not only central to basic plant biology but
also has direct agricultural applications. Manipulating phytohormone pathways offers opportunities to improve
hybrid seed production, enhance fruit quality, increase yield stability, and develop stress-resilient crops—
critical objectives for sustainable food security under changing climatic conditions.

2. Hormonal Regulation of Plant Reproduction

2.1 Auxins

Auxins are central regulators of reproductive transitions, influencing floral initiation, organ development, and
fertilization. They promote pollen tube elongation and directional guidance toward ovules, a crucial step for
successful fertilization (Yuan et al., 2022). In fruit development, auxins stimulate cell division and expansion,
thereby regulating fruit set. Synthetic auxins such as naphthaleneacetic acid (NAA) and 24-
dichlorophenoxyacetic acid (2,4-D) are widely used to induce parthenocarpyin crops like tomato and cucumber,

enabling fruit production without fertilization (Srivastava et al., 2023).
2.2 Gibberellins (GAs)

Gibberellins (GASs) play a pivotal role in flowering induction, particularly in long-day plants, and promote stem

elongation and bolting (Zhou et al., 2021). They also enhance pollen development and pollen tube growth,
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ensuring reproductive success. During seed germination, GAs mobilize stored reserves, thereby supporting
early seedling establishment. Agriculturally, GA applications are used to increase grape bunch size, break

dormancy, and improve fruit quality (Jiang et al., 2022).
2.3 Cytokinins

Cytokinins regulate reproductive success by delaying floral tissue senescence and promoting ovule and seed
development through enhanced cell division (Sharma et al., 2020). They also influence sink—source balance,
ensuring adequate nutrient allocation to developing seeds and fruits. Exogenous application of cytokinins has
been shown to increase pod number and seed weight in legumes, highlighting their significance in crop yield

improvement (Wang et al., 2021).
2.4 Abscisic Acid (ABA)

Traditionally viewed as a stress hormone,abscisic acid (ABA) is also critical for seed maturation and dormancy.
ABA prevents vivipary (premature germination) and acts antagonistically with GAs to balance seed dormancy
and germination (Zheng et al., 2023). ABA further regulates reproductive development under drought stress by
modulating stomatal closure and reproductive organ survival, ensuring reproductive resilience in adverse
conditions (Xiao et al., 2021).

2.5 Ethylene

Ethylene regulates diverse reproductive events including flower senescence, organ abscission, and fruit
ripening. In cucurbits such as cucumber and melon, ethylene determines sex expression, inducing female flower
development (Chen et al., 2020). Ethylene also enhances respiration rate and cell wall modifications,
accelerating ripening in climacteric fruits like banana and tomato. Postharvest technologies often target
ethylene action using inhibitors such as 1-methylcyclopropene (1-MCP)to delay senescence (Zhang et al.,
2021).

2.6 Other Hormones
Jasmonates (JAs): Regulate anther dehiscence, pollen viability, and defense-linked reproduction, with mutants

defective in JA synthesis showing male sterility (Li et al., 2021).

Brassinosteroids (BRs): Promote pollen tube elongation and seed development; BR-deficient mutants exhibit
reduced fertility (Zhou et al., 2022).

Strigolactones (SLs): Primarily known for regulating shoot branching, but indirectly influence reproductive

success by modulating carbon allocation to reproductive sinks (Sun et al., 2024).
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3. Hormonal Crosstalk in Reproduction

Plant reproductive development is rarely regulated by a single hormone. Instead, a network of hormonal
crosstalk integrates signals for optimal reproductive outcomes. For example, auxin—GA synergy promotes fruit
set and seed development (Li et al., 2022), while ABA-GA antagonism determines seed dormancy versus
germination (Zheng et al., 2023). Similarly, ethylene—auxin interactions regulate flower senescence and fruit
ripening, and JA—ethylene crosstalk coordinates anther dehiscence and pollen maturation (Chen et al., 2020; Li
etal., 2021).

4. Agricultural Applications

Hormonal regulation of reproduction has significant agronomic implications. In hybrid seed production,
hormone sprays (auxins, GAs, and ethylene modulators) are applied to synchronize flowering and manipulate
sex expression. For fruit set and development, exogenous application of auxins and GAs reduces fruit drop and
improves fruit quality (Srivastava et al., 2023). In post-harvest handling, ethylene inhibitors such as 1-MCP
extend the shelf life of ornamentals and climacteric fruits (Zhang et al., 2021). Moreover, in plant tissue culture,
auxin—cytokinin ratios determine organogenesis and somatic embryogenesis, critical for clonal propagation and

crop improvement (Sharma et al., 2020).
5. Tables

Table 1. Major growth hormones and their reproductive roles

Hormone |[Reproductive Functions Applications

AuXins Flower initiation, pollen tube growth, fruit set Parthenocarpy induction

. i . N _|lIncrease  fruit  size, break
Gibberellins||[Flowering, seed germination, pollen tube elongation
dormancy

. : Delaying  senescence, tissue
Cytokinins (|Seed development, floral longevity it
culture

Seed  maturation, dormancy,  stress-linked o
ABA ) Prevents vivipary
reproduction

Ethylene  |Floral senescence, sex expression, fruit ripening Post-harvest ripening control
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Table 2. Examples of hormone-based reproductive regulation in crops

Crop Hormone Role in Reproduction
Tomato Auxin Induces parthenocarpic fruit
Rice GA Promotes seed germination and flowering
Cucumber Ethylene Sex determination (female flower induction)
Grape GA Enhances berry size and reduces seed set
Wheat ABA/GA Balance controls dormancy vs. germination

Figure 1.Hormonal regulation of reproductive stages (flower induction — pollination — fertilization —

fruit/seed development).
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Figure 2.Life cycle of a plant (sporophyte—gametophyte alternation) with hormone involvement at each

stage.
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7. Conclusion and Future Prospects

Growth hormones act as indispensable regulators of plant reproduction, orchestrating a continuum of processes
from floral induction to seed maturation. Acting either independently or through highly integrated signaling
networks, phytohormones govern critical developmental transitions, coordinate gametogenesis, ensure
successful fertilization, and determine fruit and seed outcomes. Over the last two decades, advances in
molecular genetics, transcriptomics, and proteomics have enabled the identification of hormone-responsive
genes and transcription factors that fine-tune reproductive processes with remarkable spatiotemporal precision.
These discoveries provide a strong framework for translating fundamental knowledge into agricultural

innovation.

A central theme emerging from recent studies is the importance of hormonal crosstalk. Rarely does a single
hormone act in isolation; instead, reproductive success depends on synergistic or antagonistic interactions.
Auxin-gibberellin synergy drives fruit initiation, while abscisic acid—gibberellin antagonism finely balances
dormancy and germination. Similarly, jasmonates and ethylene co-regulate anther dehiscence and pollen
maturation, and brassinosteroid—cytokinin interactions enhance ovule initiation. Despite significant progress,
many aspects of these multi-layered interactions remain poorly understood, particularly at the single-cell and

tissue-specific level.

Looking forward, future research directions should emphasize integrating cutting-edge technologies with

classical plant physiology.

. Single-cell multi-omics and live-cell imaging will allow researchers to decode hormone fluxes,
receptor dynamics, and transcriptional responses at unprecedented resolution.

. Genome-editing tools such as CRISPR/Cas hold promise for manipulating hormone
biosynthesis, receptor specificity, and downstream regulators to design crops with optimized

reproductive traits, such as enhanced fruit set under climate stress or improved hybrid seed production.
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. Synthetic biology approaches could enable de novo engineering of hormone pathways, leading
to the development of crops with tailored hormone responses for specific agroecological zones.

. Moreover, the roles of emerging regulators, including brassinosteroids, strigolactones,
jasmonates, and small peptide hormones, need further exploration, as these molecules may represent

novel levers for improving reproductive efficiency.

In an era marked by climate change, abiotic stresses, and a rapidly growing global population, harnessing
hormonal regulation offers transformative potential for sustainable agriculture. Understanding how hormones
integrate environmental cues with intrinsic developmental programs will be crucial for developing stress-
resilient, high-yielding crops. Ultimately, a deeper mechanistic understanding of plant hormone biology,
coupled with translational applications, will strengthen global food security and advance the next generation of

crop improvement strategies.
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