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Abstract   

The significance of sustainable agriculture in addressing the world's problems of climate change, 

environmental degradation, and food poverty is becoming more widely recognised. Understanding and using 

plant physiology—the study of how plants work at the biochemical, cellular, and whole-organism levels—is 

crucial to reaching this objective. Photosynthesis, nutrient uptake, water use efficiency, and stress responses 

are examples of plant physiological processes that are essential for increasing crop output while reducing rely 

on chemical inputs. 

Crop types that are more resistant to abiotic stresses including drought, salinity, and temperature extremes 

have been developed thanks to recent developments in plant science, improving agricultural sustainability. 

Furthermore, agroecological methods are supported by physiological information, which facilitates improved 

crop integration into a variety of farming systems and supports ecosystem services and soil health. The 

multidisciplinary potential of plant physiology in directing future technology advancements and sustainable 

farming methods is highlighted in this review, which summarises recent research. 

Keywords: Phloem, Phototropism, Gravitropism, Evapotranspiration, Thermoperiod, Photosynthesis, Plant 

Hormones, St 

Introduction 

With the challenging challenge of feeding a constantly expanding population while reducing adverse 

environmental effects, global agriculture is at a pivotal juncture. The Food and Agriculture Organisation 

(FAO, 2022) estimates that in order to meet world demands, food production will need to rise by about 70% 

by 2050. Traditional farming methods, which depend on intensive inputs like synthetic fertilisers, pesticides, 
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and copious amounts of water, have also led to soil erosion, biodiversity loss, greenhouse gas emissions, and 

water contamination. A change to sustainable agricultural methods that strike a balance between ecological 

integrity and productivity is required due 

The scientific study of plant events and internal processes, or plant physiology, offers vital information for 

managing this shift. It includes knowledge of the processes that are essential to plant growth and yield, 

including as photosynthesis, respiration, nutrient absorption, water relations, hormone regulation, and stress 

responses. Researchers can find characteristics that support resilience, resource efficiency, and adaptability 

by examining how plants interact with their surroundings at the molecular, cellular, and whole-plant levels. 

Developing crops with improved resistance to abiotic stresses including drought, salinity, heat, and nutrient 

deficiency—conditions that are becoming more common as a result of climate change—has been made 

feasible by recent developments in plant physiology. Additionally, knowledge of root structure, nutrient 

uptake effectiveness, and photosynthetic optimisation might aid in lowering reliance on outside sources, 

thereby balancing environmental sustainability with productivity objectives. 

Crop breeding is not the only application of physiological knowledge in agriculture. Understanding how plants 

react to environmental and management conditions is useful for field-level management techniques like 

precision irrigation, conservation tillage, and intercropping. Additionally, new technologies like physiological 

modelling, remote sensing, and high-throughput phenotyping are transforming how we assess and use this 

information in real time. 

Photosynthesis Efficiency and Crop Productivity  

As the fundamental physiological mechanism that absorbs solar energy and transforms it into the chemical 

energy needed for plant growth and development, photosynthesis is at the core of agricultural productivity. A 

vital first step in increasing crop yields while preserving environmental sustainability is improving 

photosynthetic efficiency. Enhancing photosynthetic performance in the framework of sustainable agriculture 

entails optimising energy, fertiliser, and water use efficiency across a variety of cropping systems in addition 

to increasing biomass production. 
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The capacity of plants to fix atmospheric carbon dioxide (CO₂) through the Calvin cycle, which is facilitated 

by the enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco), is the fundamental determinant 

of photosynthetic efficiency. Rubisco's dual affinity for oxygen and CO₂, however, frequently results in 

photorespiration, which uses energy and lowers carbon gain. Photorespiration can drastically lower net 

photosynthetic productivity in a variety of crop species, particularly when temperatures and light levels are 

high (Zhao et al., 2009). This inefficiency is the main focus for physiological and genetic improvement since 

it is a significant agricultural productivity restriction. 

The goal of current research has been to improve Rubisco kinetics and activate more effective carbon-

concentrating mechanisms (CCMs) in order to increase photosynthetic efficiency. For instance, it has been 

demonstrated that introducing characteristics from C4 plants, like sorghum and maize, into C3 crops, like rice, 

can improve photosynthetic performance under stress. According to Koźniewski and Wielgusz (2024), C4 

plants have a metabolic system that concentrates CO₂ in specialised cells, reducing photorespiration and 

increasing the efficiency of water and nitrogen utilisation. 

Optimising the structure and operation of the photosynthetic device itself is another innovative approach. 

Under less-than-ideal circumstances, light-harvesting antenna complex modifications can enhance light 

absorption and energy conversion. Furthermore, controlling stomatal behaviour via genetic engineering or 

breeding can aid in striking a balance between water conservation and CO₂ uptake. Crops can sustain 

productivity in the face of drought or erratic rainfall by choosing genotypes with high intrinsic water use 

efficiency (WUE), which is crucial given the increasing variability of the climate (Zhao et al., 2009). 

Technologically speaking, researchers and farmers can track photosynthetic activity at various scales thanks 

to high-throughput phenotyping tools and remote sensing methods including gas exchange analysis, 

hyperspectral reflectance, and chlorophyll fluorescence imaging. According to Eko et al. (2024), these 

methods provide the early identification of physiological stress, directing prompt agronomic measures that 

can avert yield losses. 

Designing a cropping scheme also affects photosynthetic efficiency. Combining C3 and C4 species in 

intercropping systems can maximise solar radiation utilisation and canopy structure.  
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Plant Nutrients uptake and Soil Health 

A key component of plant development and productivity, nutrient acquisition has a direct impact on crop 

health, yield quality, and agricultural sustainability. Optimising plant nutrient uptake in sustainable agriculture 

improves soil fertility and ecological balance while lowering reliance on artificial fertilisers. Designing 

systems that promote plant production and long-term soil health thus requires an understanding of the 

physiological mechanisms governing nutrient absorption, transport, and utilisation. 

Through intricate relationships between roots, soil, and microbes, plants are able to receive vital macro- and 

micronutrients from the soil. Hormonal signalling networks, membrane transporters, and root morphology all 

tightly control these activities. The effectiveness of nutrient acquisition is largely determined by the root 

system architecture (RSA), which includes branching, angle, density, and length of the roots. Because they 

can more easily reach nutrients in subsoil layers, crops with deep, well-branched root systems are more 

tolerant to nutrient-poor or deteriorated soils (Koźniewski & Wielgusz, 2024). 

The discovery and improvement of characteristics linked to nitrogen usage efficiency (NUE) is one of plant 

physiology's most important contributions to sustainable agriculture. The ability of a plant to absorb, digest, 

and transform nutrients into biomass is measured by its NUE. A high NUE lowers the risk of eutrophication 

and groundwater contamination by reducing the need for fertiliser and minimising nitrogen leaking into 

nearby ecosystems. For instance, rice and maize cultivars that retain yield under lower nitrogen inputs have 

been generated by breeding programs aimed at increasing nitrogen-use efficiency, which is in line with the 

objectives of environmental and economic sustainability (Eko et al., 2024). 

Mycorrhizal symbioses, particularly those involving arbuscular mycorrhizal fungi (AMF), are another 

physiological tactic used by plants to improve their intake of nutrients. By extending the root system's 

effective absorptive area, these symbiotic fungi help plants absorb immobile nutrients like zinc and 

phosphorus. The plant provides the fungi with photosynthesis-derived sugars in exchange. Mycorrhizal 

colonisation is a crucial technique in agroecological farming systems because it promotes nutrient cycling and 

soil biological diversity through the use of organic amendments, less tillage, and less fungicide (Zhao et al., 

2009). 

The pH, texture, organic matter content, and microbial activity of the soil all have an impact on the 

physiological processes of nutrient uptake. For example, acidic soils can increase the solubilisation of harmful 

metals like aluminium while limiting the availability of vital minerals like phosphorus and molybdenum. By 
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changing the profiles of their root exudate to release bound nutrients or by turning on transporter genes that 

promote uptake in stressful situations, plants can adjust to such circumstances. For marginal soils to be 

managed sustainably, it is essential to comprehend and utilise these adaptive reactions (Koźniewski & 

Wielgusz, 2024). 

Effective nitrogen uptake lowers fertiliser overapplication, a primary contributor to soil deterioration from the 

standpoint of soil health. In addition to causing soil acidity and salinisation, too much nitrogen and phosphorus 

also alters the dynamics of organic matter and microbial communities. Plant physiology-based sustainable 

nutrition management has the potential to buck these trends. In addition to boosting plant nutrient absorption, 

techniques including crop rotation, cover crops, and composting improve nutrient retention, increase soil 

structure, and boost microbial activity. 

Additionally, the creation of biofertilizers—microbial inoculants that improve nutrient intake and plant 

growth—has been aided by physiological research. These include phosphate-solubilizing organisms like 

Bacillus spp. and nitrogen-fixing bacteria like Rhizobium that work with plant roots to improve nutrient 

availability. The use of chemical inputs is decreased and the shift to low-impact, biologically enriched soils 

is supported when biofertilizers are incorporated into nutrient management programs (Eko et al., 2024) 

Stress Physiology: Adaption to Climate Variability  

One of the biggest problems facing modern agriculture is climate variability. Crop productivity, food security, 

and ecological resilience are all significantly impacted by the rising frequency of drought, heat waves, salt, 

and unpredictable precipitation patterns. As sessile creatures, plants perceive, react to, and endure these abiotic 

pressures through a complex web of physiological reactions. Therefore, it is essential to comprehend plant 

stress physiology—the study of how plants adapt to harsh climatic conditions—in order to create cropping 

systems that are climate resilient and support sustainable agriculture. 

Basic physiological functions like as respiration, photosynthesis, membrane integrity, and nutrition intake are 

all disrupted by abiotic stressors. For example, stomatal closure brought on by drought stress limits 

photosynthetic carbon fixation and lowers CO₂ absorption. At the same time, it causes reactive oxygen species 

(ROS) to build up, which can harm parts of cells. Through a variety of defence mechanisms, including the 

upregulation of antioxidant enzymes (like catalase and superoxide dismutase), the accumulation of 

osmoprotectants (like proline and glycine betaine), and modifications to hormonal signalling pathways 

http://www.ijrti.org/


© 2025 IJRTI | Volume 10, Issue 7 July 2025 | ISSN: 2456-3315 

IJRTI2507082 International Journal for Research Trends and Innovation (www.ijrti.org) a741 
 

involving abscisic acid (ABA), salicylic acid, and jasmonic acid, plants counteract these effects (Zhao et al., 

2009). 

The production of ABA, which causes stomatal closure to lower transpiration and water loss, is one of the 

most significant hormonal reactions to heat stress and drought. This results in a physiological trade-off 

between photosynthetic activity and water use efficiency since it decreases CO₂ uptake while conserving 

water. Climate-smart crop development has focused on breeding for genotypes that can maximise this balance, 

minimising yield penalties while maintaining high intrinsic water use efficiency (Koźniewski & Wielgusz, 

2024). 

Heat stress damages protein structure, enzyme function, and membrane integrity and frequently coexists with 

drought. In order to adapt, plants change the lipid composition of their membranes to preserve fluidity and 

produce heat-shock proteins (HSPs), which stabilise and refold denatured proteins. Likewise, osmotic stress 

and sodium toxicity result from the disturbance of ion homeostasis caused by salinity stress. To maintain ionic 

balance, salt-tolerant cultivars can selectively absorb potassium over sodium, release surplus salts through 

specialised glands, or compartmentalise sodium ions into vacuoles (Eko et al., 2024). 

The production of transgenic or gene-edited crops with improved stress tolerance has been made possible by 

the rapid identification of stress-responsive genes and transcription factors (such as DREB, NAC, and MYB) 

made possible by genetic and molecular methods. CRISPR-based genome editing and marker-assisted 

selection have made it possible to precisely include characteristics that increase resistance without sacrificing 

yield potential. Food security in vulnerable areas is supported by drought-tolerant rice and maize varieties 

created through physiological trait-based breeding, which have shown consistent performance under varying 

rainfall regimes (Eko et al., 2024). 

In addition to genetics, interactions between microbes and plants are essential for modulating stress responses. 

By altering root architecture, enhancing nutrient uptake, and triggering systemic stress resistance pathways, 

plant growth-promoting rhizobacteria (PGPR) and endophytes can increase a plant's resilience to heat, 

salinity, and drought. Plant health and soil vitality are enhanced when these microbial companions are 

incorporated into sustainable agricultural systems. 

Field-level management decisions are also influenced by stress physiology. For instance, designing more 

efficient irrigation schedules and canopy management techniques is made possible by knowing the 

temperature and water stress thresholds unique to a given crop. Similarly, by regulating soil moisture and 
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temperature dynamics, conservation tillage, mulching, and planting schedule modifications can lessen the 

effects of stress. 

Integration with Agroecological Practices 

Agroecology is a comprehensive farming method that combines ecological ideas with agricultural methods in 

an effort to produce food systems that are resilient, biodiverse, and just. Agroecological systems aim for 

sustainability by promoting natural processes like nutrient cycle, insect control, and water conservation, in 

contrast to conventional systems that frequently prioritise short-term yields through large external inputs. 

Plant physiology plays a key part in this transition by offering the mechanistic knowledge required to 

maximise plant performance in ecologically diverse but often fluctuating settings. 

Physiological Foundation for Agroecological Synergies  

deep understanding of the biotic and abiotic interactions between plants and their surroundings. Crop 

performance in diverse, low-input environments is mostly determined by plant physiological characteristics 

as photosynthetic efficiency, root system architecture, nutrient usage efficiency, and stress tolerance 

mechanisms. Crops grown in agroecological systems must be competitive, adaptable, and resource-efficient, 

in contrast to monocultures that depend on consistent inputs. For example, intercropping arrangements, where 

resource partitioning belowground reduces interspecific competition, are more suited for crops with deeper, 

more fibrous root systems (Koźniewski & Wielgusz, 2024). 

Furthermore, even in partially shaded environments, which are typical in polycultures and agroforestry 

systems, photosynthetically efficient plants can optimise light utilisation. Multi-strata arrangements, as those 

in shaded coffee systems or silvopastoral models, are more suited for species and varieties chosen for their 

higher light interception, effective CO₂ fixation, and reduced photorespiration rates. In systems where light, 

water, and nutrients are actively shared among species, these physiological characteristics support 

productivity (Zhao et al., 2009). 
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Crop Diversification and Resource Complementarity 

Crop diversification, which includes agroforestry, crop rotation, and intercropping, is one of the main tenets 

of agroecology. Successful diversification is physiologically based on the use of complementary resources. 

For instance, the legume's capacity to fix atmospheric nitrogen through symbiosis with Rhizobium bacteria 

makes it advantageous to intercrop them with cereals. This boosts nearby cereal crops' NUE (nutrient usage 

efficiency) in addition to increasing nitrogen availability in the rhizosphere. Designing cropping systems that 

maximise these interactions is made possible by a physiological understanding of nitrogen fixation rates, the 

composition of root exudate, and the dynamics of root growth (Eko et al., 2024). 

Similarly, resource bottlenecks can be lessened by temporal complementarity, which involves planting and 

harvesting crops at different times. It is possible to optimise land equivalent ratios (LER) and reduce 

competition by taking advantage of physiological variations in growth cycles, water intake patterns, and 

canopy development. Understanding the photosynthetic curve, peak nutrient demand time, and stress 

sensitivity of each crop is necessary for these tactics. 

Soil-Plant-Microbial Interactions 

In agroecological systems, soil biology and plant physiology also have intimate relationships. In order to 

maintain soil fertility without artificial inputs, rhizosphere dynamics—root exudation, microbial signalling, 

and nutrient solubilization—are essential. Rich in organic acids, flavonoids, and sugars, root exudates 

facilitate intricate interactions with mycorrhizal fungi, phosphate-solubilizing bacteria, and nitrogen fixers, 

among other useful microorganisms. Thus, in organic or biologically controlled systems, physiological 

characteristics that encourage exudation and sustain symbioses are crucial (Koźniewski & Wielgusz, 2024). 

By boosting organic matter content, enhancing soil structure, and promoting microbial biodiversity, 

agroecological techniques including composting, mulching, and green manuring further improve root–soil 

synergy. These techniques lead to increased resilience and production stability in low-input systems when 

combined with crops that have been bred or selected for robust root systems and high nutrient uptake features.  
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Pest and Disease Resilience through Physiological defence Mechanisms 

A key component of agroecological farming, integrated pest and disease management (IPDM), is also 

informed by plant physiology. Physical barriers (such as thick cuticles and trichomes), chemical deterrents 

(such as secondary metabolites like alkaloids and terpenoids), and inducible defence pathways regulated by 

phytohormones like salicylic acid, jasmone acid, and ethylene are all part of the complex innate defence 

systems found in plants. Priming methods, such bio stimulants or microbial inoculants, can improve these 

physiological reactions by preparing plants for a quicker and more powerful defence activation in the event 

of an assault (Eko et al., 2024). 

These physiological defences lessen pest burden and the need for chemical interventions when combined with 

habitat management techniques, such as the installation of insectary strips or trap crops, which benefits farm-

level health and biodiversity conservation. 

 

Towards Physiology -informed Agroecological Transition 

A transdisciplinary approach is necessary for the effective incorporation of plant physiological insights into 

agroecological systems. In order to select for resilience traits that improve ecological fit, breeding programs 

need to go beyond yield-centric objectives. To create cropping systems that complement the physiological 

rhythms of plants and maximise their functional characteristics in a variety of environments, agronomists and 

farmers must collaborate. 

Furthermore, physiological plasticity—a plant's capacity to change its phenotypic in response to 

environmental stimuli—should be investigated further in order to develop systems that are both productive 

and climate-adaptive. In order to scale agroecological advances without sacrificing productivity or 

profitability, it will be imperative to apply this knowledge. 
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Technological Innovations in Plant Physiology  

 Recent decades have seen a dramatic shift in the field of plant physiological research due to the quick 

development of data science and technology. These developments are transforming the way we apply our 

growing understanding of plant function at the molecular, cellular, and whole-organism levels to agricultural 

systems. Technological developments in plant physiology provide effective methods for coordinating crop 

performance with the objectives of ecological resilience and resource efficiency as agriculture faces growing 

demands for productivity, sustainability, and climate adaptability. 

High-Throughputs Phenotyping and Digital Agriculture  

phenotyping (HTP) technologies is one of the most significant developments in plant physiology. To track 

plant characteristics in real time, these systems integrate automated data analysis with imaging methods, 

including visible light, hyperspectral, thermal, and fluorescence imaging. Under controlled or field conditions, 

HTP enables researchers to evaluate physiological parameters such as leaf area development across thousands 

of genotypes, canopy temperature (a measure of transpiration rate), and chlorophyll fluorescence (a proxy for 

photosystem II efficiency) (Koźniewski & Wielgusz, 2024). 

HTP speeds up the production of climate-resilient cultivars by accelerating the identification of beneficial 

physiological features, such as drought resistance, high water use efficiency, or nutrient uptake capacity, when 

incorporated into breeding programs. Additionally, these platforms can be used in smart farms, where ground-

based sensors and drones offer dynamic data on crop performance, facilitating in-the-moment decisions about 

pest control, fertilisation, and irrigation. 

Precision Agriculture and Sensor Integration 

 Precision agriculture optimises the use of water, nutrients, and inputs at the microscale by utilising a variety 

of physiological sensors and GIS tools. For instance, chlorophyll meters (such as SPAD or Dualex), soil 

moisture probes, and leaf water potential sensors all aid in the highly accurate determination of crop water 

and nutrient status. By ensuring that plants receive exactly what they require—neither more nor less—these 

methods facilitate site-specific management, which lowers waste, environmental degradation, and input costs 

(Eko et al., 2024). 
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New developments in IoT-enabled irrigation systems enable automated irrigation in response to changes in 

plant water demand, as indicated by variations in stomatal conductance, canopy temperature, or stem diameter. 

In addition to increasing water use efficiency, these physiology-informed irrigation techniques also reduce 

stress reactions before outward signs appear, which raises crop quality and yields. 

Genomics, Transcriptomics and Systems Physiology 

By revealing the intricate genetic and molecular networks that underlie important features, omics technologies 

have completely changed the field of plant physiology. Finding the genes and regulatory components involved 

in photosynthesis, hormone signalling, and stress tolerance has been made possible thanks in large part to 

genomics and transcriptomics. For example, transcription factors that control pathways for heat and drought 

tolerance, like those in the DREB, NAC, and WRKY families, can be altered by genetic engineering or 

molecular breeding. 

Predictive modelling of plant responses to environmental stimuli is made possible by the incorporation of 

omics data into systems physiology, a comprehensive method that models the interactions between molecular, 

cellular, and organ-level processes. By simulating how crops would behave in various climate scenarios, these 

models can help inform resilience-focused breeding and agronomic choices. 

New technologies like as CRISPR-Cas gene editing provide unmatched accuracy in altering physiological 

characteristics. For instance, modifying Rubisco activase genes can increase photosynthetic rates in the 

presence of variable light, whereas modifying stomatal density genes can improve water usage efficiency 

without sacrificing CO₂ assimilation (Zhao et al., 2009). Because these focused interventions allow crops to 

sustain output with less external inputs, they promote sustainable intensification. 

Plant Microbiome Technologies  

The crucial function that the plant microbiome plays in controlling physiological processes has also been 

made clear by technological advancements. Scientists are figuring out how plants interact with the microbes 

that are linked with them, such as rhizosphere communities and endophytes, by using metagenomics and 

metabolomics. These microorganisms are efficient physiological enhancers because they can improve 

nutrition absorption, create stress tolerance, and alter hormone pathways. 
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This research has led to the commercial production of bioinoculants, including phosphate-solubilizing 

organisms, mycorrhizal fungi, and nitrogen-fixing bacteria. These developments enhance soil health and 

lessen dependency on artificial fertilisers, which leads to more sustainable nutrient management. 

AI, machine Learning and Predictivity Physiology  

Machine learning (ML) and artificial intelligence (AI) are being used more and more to forecast plant 

performance in a variety of scenarios and analyse intricate physiological variables. In order to facilitate 

phenotype prediction, crop modelling, and decision support systems for farmers and breeders, these 

techniques can reveal non-linear correlations between environmental conditions, genotype, and physiological 

features. 

Our capacity to predict stress responses, spot early disease symptoms, and optimise inputs across seasons and 

landscapes is also being improved by AI-driven physiological models. For example, ML algorithms are used 

in smart greenhouses to control humidity, temperature, and lighting according to the physiological needs and 

growth stage of the plants, minimising energy consumption and increasing output. 

Conclusion 

Agriculture is at a critical crossroads in the face of growing global concerns, from freshwater scarcity and 

rising food demand to soil degradation and climate change. Food production cannot be sustained in the future 

by isolated inventions or technological intensification alone. Instead, a paradigm shift based on the biological 

knowledge of plants—the very organisms that support life on Earth—is required. In this sense, plant 

physiology becomes not just a scientific discipline but also a key component in rethinking agriculture as a 

productive and environmentally responsible industry. 

Plant physiology provides essential insights into the inner workings of crop systems by explaining how plants 

interact with their surroundings, obtain and distribute resources, and react to biotic and abiotic stressors. This 

has become clear throughout this examination. The biological underpinnings of sustainable practices are these 

physiological mechanisms, which impact everything from nutrition cycle and stress adaption to 

photosynthetic efficiency and water utilisation. 
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Improving photosynthesis and resource efficiency is a path to divorcing productivity from environmental 

degradation, not only a way to increase yields. Similarly, the evolution of robust agricultural systems that can 

flourish in increasingly unpredictable climates is guided by physiological reactions to temperature, salinity, 

and drought extremes. A sophisticated understanding of transpiration, stomatal behaviour, and root hydraulics 

underpins innovations in irrigation control that could drastically cut freshwater use without sacrificing plant 

performance. 

Moreover, academics and practitioners can jointly develop regenerative, diverse, and adaptive systems by 

fusing their understanding of plant physiology with advances in agroecology and biotechnology. A new era 

of climate-smart and resource-efficient farming is being ushered in by the convergence of ecological 

principles and technology instruments, whether through crop diversity, soil-microbiome symbioses, or the use 

of physiological sensors and AI in precision agriculture. 

A transdisciplinary approach, however, is necessary to fully realise the revolutionary potential of plant 

physiology—one that connects field ecology and molecular biology, farmer experience and research data, and 

traditional wisdom with state-of-the-art science. To encourage research, innovation, and the fair distribution 

of plant physiology-based solutions throughout the world's agricultural landscapes, policy frameworks, 

educational programs, and investment methods must also change. 
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