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Ultraweak photon emission (UPE), the spontaneous emission of low-

intensity light from biological systems, is examined as a potential non-

invasive biomarker for assessing mitochondrial function in plants. This 

review explores the biophysical mechanisms underlying UPE, its 

relationship with mitochondrial activity, and its application in plant 

research. Evidence supporting UPE as a biomarker, including 

correlations with established mitochondrial health indicators and 

findings from case studies, is synthesized. The advantages of UPE, 

such as non-invasive measurement and real-time monitoring 

capabilities, along with current limitations and challenges, are 

discussed. The review further highlights potential applications of UPE 

in stress response studies, breeding programs, and ecological 

monitoring, emphasizing its role in advancing our understanding of 

plant physiology and responses to environmental stressors. 
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1. Introduction 

1.1 Overview of Mitochondrial Function in Plants 
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Mitochondria are essential organelles in plant cells, primarily known for their role in cellular respiration 

and energy production[1]. They generate adenosine triphosphate (ATP) through oxidative 

phosphorylation, which is critical for powering various cellular processes. Beyond energy production, 

mitochondria are involved in numerous metabolic pathways, including the tricarboxylic acid (TCA) 

cycle, amino acid metabolism, and lipid biosynthesis[2]. Additionally, they play a pivotal role in 

regulating reactive oxygen species (ROS) levels, which are by-products of mitochondrial respiration and 

act as signalling molecules in stress responses and cellular homeostasis[3]. In plants, mitochondrial 

function is particularly significant due to the dual energy systems of photosynthesis and respiration. 

While chloroplasts are responsible for photosynthetic energy production, mitochondria provide energy 

during the night or under stress conditions when photosynthesis is limited. Furthermore, mitochondria 

are integral to the plant's ability to adapt to environmental stressors, such as drought, salinity, and 

temperature fluctuations, by modulating metabolic and signalling pathways [4].  

1.2 Ultraweak Photon Emission (UPE) 

Ultraweak photon emission (UPE), also referred to as biophoton emission, is the spontaneous release of 

photons at extremely low intensities from living organisms. This phenomenon occurs as a by-product of 

cellular metabolic processes, particularly those involving oxidative reactions and ROS generation[5]. 

UPE is distinct from other light-emission processes, such as bioluminescence or chemiluminescence, as 

it arises from the natural metabolic activity of cells without the involvement of specialised light-emitting 

molecules[6]. UPE has been observed in plants across various tissues and under different physiological 

conditions. It is closely linked to mitochondrial activity, as mitochondria are a major source of ROS 

production during respiration[7]. The photons emitted during UPE are thought to result from the 

relaxation of electronically excited molecules, such as singlet oxygen or excited carbonyl groups, which 

are generated during oxidative metabolic reactions. Studies have shown that UPE intensity correlates 

with mitochondrial function, making it a potential non-invasive indicator of cellular metabolic health[8]. 

1.3 Significance of UPE in Plant Research 

The study of UPE in plants has gained attention due to its potential as a biomarker for physiological and 

metabolic states[5]. UPE provides a unique, non-invasive method to monitor cellular processes in real 

time, offering insights into mitochondrial function, oxidative stress, and overall plant health. For 

instance, changes in UPE intensity have been linked to abiotic stress responses, such as drought and 
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salinity, as well as biotic stress caused by pathogens[6]. Furthermore, UPE analysis has been proposed 

as a tool for early detection of stress-induced damage in plants, enabling timely interventions in 

agriculture and environmental monitoring [7].The historical development of UPE research in plants has 

laid the foundation for its application in mitochondrial studies. Early investigations demonstrated UPE 

from isolated plant mitochondria, highlighting its connection to ROS production and energy 

metabolism[8] .Recent advancements in imaging and detection technologies have further enhanced the 

ability to measure UPE with high sensitivity, paving the way for its integration into plant physiology and 

biophysics research. In this review, we explore the mechanisms underlying UPE, its relationship with 

mitochondrial function, and its potential as a biomarker in plant research[9]. By synthesizing current 

evidence, we aim to justify the use of UPE as a reliable indicator of mitochondrial health and its broader 

applications in understanding plant responses to environmental challenges. 

2. Mechanisms of Ultraweak Photon Emission 

2.1 Biophysical Basis of UPE 

Ultraweak photon emission (UPE), also referred to as biophoton emission, is the spontaneous release of 

photons at extremely low intensities from living cells[9]. This phenomenon is primarily a by-product of 

cellular metabolic processes, particularly those involving oxidative reactions and the generation of 

reactive oxygen species (ROS). The photons emitted during UPE are thought to result from the 

relaxation of electronically excited molecules, such as singlet oxygen or excited carbonyl groups, which 

are generated during oxidative metabolic reactions [7] [6].  

Mitochondria, as the primary site of cellular respiration, are a major source of UPE. During oxidative 

phosphorylation, electrons are transferred through the electron transport chain (ETC), and a small 

percentage of these electrons leak, leading to the formation of ROS such as superoxide anions and 

hydrogen peroxide[10]. These ROS can interact with biomolecules, such as lipids and proteins, resulting 

in the formation of electronically excited states. The subsequent relaxation of these excited states 

releases photons in the visible to near-infrared spectrum (400–900 nm)[9]. This process is distinct from 

other light-emission phenomena, such as bioluminescence, as it does not involve specialised light-

emitting molecules like luciferase[11].  

The intensity and spectral characteristics of UPE are influenced by the metabolic activity of 

mitochondria. For instance, increased ROS production during stress or mitochondrial dysfunction can 
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elevate UPE levels, making it a potential indicator of mitochondrial health[7]. Studies have 

demonstrated that UPE is closely linked to mitochondrial respiration, with higher photon emission 

observed during active metabolic states[9] [6].  

2.2 Factors Influencing UPE in Plants 

Several factors can modulate UPE in plants, including environmental conditions and the physiological 

state of the plant. These factors influence mitochondrial activity and ROS production, thereby affecting 

the intensity and dynamics of UPE. 

1. Environmental Conditions: 

o Light: Light exposure can significantly impact UPE in plants. Photosynthesis in 

chloroplasts generates ROS, which can interact with mitochondrial processes, leading to 

changes in UPE. Additionally, light-induced stress, such as high-intensity light, can 

increase ROS production and UPE levels [7] 

o Temperature: Temperature fluctuations can alter mitochondrial respiration rates and 

ROS production. For example, heat stress has been shown to increase UPE due to 

enhanced oxidative stress and metabolic activity[12]. 

o Stress Factors: Abiotic stressors, such as drought, salinity, and heavy metals, can elevate 

ROS levels in plant cells, leading to increased UPE. These stress-induced changes in 

UPE have been observed in various plant species and are often correlated with 

mitochondrial dysfunction[13]. 

2. Physiological State of the Plant: 

 Growth Stage: The metabolic activity of mitochondria varies across different growth stages of 

plants. For instance, young, actively growing tissues exhibit higher mitochondrial respiration 

rates and, consequently, higher UPE levels compared to mature or senescent tissues[7]. 

 Health Status: The health of the plant significantly influences UPE. Healthy plants with optimal 

mitochondrial function exhibit stable UPE levels, whereas diseased or stressed plants show 

altered UPE patterns due to mitochondrial dysfunction and increased ROS production[9]. 

2.3 Integration of UPE with Mitochondrial Function 
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The relationship between UPE and mitochondrial function has been extensively studied, highlighting 

its potential as a non-invasive biomarker. Mitochondria are not only the primary source of UPE but 

also play a central role in regulating ROS levels and oxidative metabolism. The dynamic nature of 

UPE, influenced by mitochondrial activity, provides valuable insights into the metabolic and 

physiological state of plants[9] [6]. Recent advancements in UPE detection technologies have 

enabled researchers to measure photon emission with high sensitivity, allowing for real-time 

monitoring of mitochondrial activity. These studies have demonstrated that UPE can serve as a 

reliable indicator of mitochondrial health, oxidative stress, and overall cellular metabolism in plants. 

By understanding the biophysical mechanisms and factors influencing UPE, researchers can further 

explore its applications in plant physiology, stress biology, and environmental monitoring. The 

integration of UPE analysis with mitochondrial research holds great promise for advancing our 

understanding of plant responses to environmental challenges and improving agricultural practices. 

3. Biomarkers and Mitochondrial Function 

3.1  Importance of Biomarkers 

Biomarkers are critical indicators of a plant's physiological state, particularly in response to various 

abiotic and biotic stress factors[14]. They serve as measurable and quantifiable signals that reflect the 

cellular responses of plants to environmental changes, enabling early detection of stress before it 

manifests as visible damage. This capability is particularly vital in the context of global food security, 

where understanding plant stress responses is essential for developing resilient crop varieties capable of 

withstanding adverse conditions[15]. The significance of biomarkers has gained momentum in recent 

years, driven by advancements in technology that facilitate their identification and validation. These 

indicators can range from specific molecules, such as phytohormones and proteins, to broader 

biochemical changes that signify shifts in plant health and metabolic activity[16]. 

3.2 Mitochondrial Health Indicators 

Mitochondria play a pivotal role in cellular respiration and energy production, making them essential for 

plant growth and development. Assessing mitochondrial function is crucial for understanding overall 

plant health, particularly under stress conditions. Common parameters used to evaluate mitochondrial 

health include ATP production, reactive oxygen species (ROS) levels, and membrane potential[17]. 

ATP production is often measured using bioluminescent assays that quantify light emitted from ATP-
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luciferase reactions, providing insights into the energy status of the plant. Additionally, the assessment 

of ROS levels is critical, as these molecules can indicate oxidative stress and mitochondrial 

dysfunction[18]. Techniques such as fluorescent probes and colorimetric assays are employed to 

measure ROS, allowing researchers to gauge the extent of oxidative damage within plant cells. 

Membrane potential is another vital indicator of mitochondrial health, as it reflects the ability of 

mitochondria to maintain a proton gradient essential for ATP synthesis. Fluorescent dyes are commonly 

used to assess membrane potential, providing real-time insights into mitochondrial function[19]. 

3.3 Limitations of Traditional Methods 

Despite the importance of these parameters, traditional methods for assessing mitochondrial function 

have notable limitations. Many of these techniques require specialised equipment that can be costly and 

complex, limiting their accessibility for routine use in plant research. For instance, high-resolution 

respirometry systems, while effective, demand precise calibration and can be sensitive to environmental 

conditions, leading to variability in results. Moreover, the isolation of mitochondria from plant tissues 

can introduce contamination from other organelles, complicating the interpretation of results[20]. This 

contamination can obscure the true mitochondrial activity and lead to misleading conclusions about 

plant health. Additionally, the dynamic nature of mitochondrial function means that measurements can 

fluctuate significantly based on the plant's developmental stage and environmental conditions, further 

complicating data interpretation[21]. The need for standardised protocols is evident, as variability in 

methodologies can lead to inconsistent results across studies. As such, there is a pressing demand for 

innovative approaches that can provide reliable, non-invasive assessments of mitochondrial function in 

plants. This is where ultraweak photon emission (UPE) emerges as a promising alternative, offering a 

non-invasive method to monitor mitochondrial health in real-time, potentially overcoming many of the 

limitations associated with traditional techniques[22]. In summary, while traditional biomarkers and 

methods for assessing mitochondrial function in plants provide valuable insights, they are often hindered 

by technical challenges and variability. The exploration of UPE as a biomarker for mitochondrial 

function presents an exciting avenue for future research, with the potential to enhance our understanding 

of plant physiology and resilience in the face of environmental stressors[23]. 

4. UPE as a Biomarker for Mitochondrial Function 

4.1 Evidence Supporting UPE as a Biomarker 
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The validation of Ultra-weak Photon Emission (UPE) as a biomarker for mitochondrial function is 

supported by a growing body of evidence that demonstrates its correlation with various aspects of 

mitochondrial health and cellular metabolism. Recent advances between 2000 and 2020 have shown 

significant progress in detecting UPE signals in living tissues, establishing its potential as a valuable tool 

for assessing mitochondrial function [24]. 

4.1.1 Correlation with Mitochondrial Health Indicators 

The relationship between UPE and mitochondrial health is primarily mediated through oxidative 

processes and stress responses. During periods of mitochondrial dysfunction, changes in oxidative stress 

levels lead to corresponding alterations in UPE patterns [9]. This correlation is particularly evident in the 

context of mitochondrial retrograde signalling, where changes in mitochondrial function trigger 

communication between mitochondria and the nucleus, resulting in modified gene expression patterns 

and stress adaptation responses [24]. The production of Reactive Oxygen Species (ROS) serves as a 

critical link between mitochondrial function and UPE. Research has established that UPE can effectively 

serve as an assay for ROS, which are closely tied to mitochondrial health and function[24]. This 

relationship is particularly significant as it provides a non-invasive means of monitoring oxidative stress 

levels, which are key indicators of mitochondrial health. 

4.1.2 Case Studies and Experimental Evidence 

Various experimental studies have demonstrated the utility of UPE measurements across different plant 

species and conditions: 

1. Stress Response Monitoring: Studies have shown that plants under drought stress and other 

environmental stressors exhibit measurable changes in UPE levels, correlating with alterations in 

mitochondrial function[25]. 

2. Growth Stage Analysis: Research has revealed that UPE patterns vary with different growth 

stages and physiological states, providing insights into developmental changes in mitochondrial 

activity[9]. 

3. Environmental Adaptation: Investigations have demonstrated how UPE measurements can 

reflect plants' responses to various environmental conditions, including temperature fluctuations 

and light exposure[26].  

4.2 Advantages of Using UPE 
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4.2.1 Non-invasive Measurement Techniques 

One of the primary advantages of UPE as a biomarker is its non-invasive nature. Modern UPE detection 

systems allow for the measurement of mitochondrial function without damaging or disturbing the plant 

tissue[27].  This non-destructive approach enables the Continuous monitoring of the same specimen 

over time, Preservation of plant integrity during measurements, Reduction in experimental artifacts that 

might arise from tissue damage and Application in sensitive developmental studies.  

4.2.2 Real-time Monitoring Capabilities 

The advancement in UPE measurement technology has enabled sophisticated real-time monitoring 

systems that offer several advantages: 

1. Continuous Data Collection: Modern sensor technologies allow for continuous monitoring of 

plant physiological states, providing immediate feedback on changes in mitochondrial 

function[27]. 

2. Dynamic Response Assessment: Real-time monitoring systems can capture rapid changes in 

UPE levels, enabling the observation of immediate responses to environmental stimuli or stress 

conditions.[28] 

3. Integration with Other Monitoring Systems: UPE measurements can be combined with other 

non-invasive monitoring techniques to provide comprehensive insights into plant health[29]. 

However, it is important to note that while UPE shows considerable promise as a biomarker, there are 

still challenges to be addressed. The primary challenge lies in the low intensity of UPE signals, which 

requires sophisticated detection systems to distinguish from background noise [6].Additionally, further 

validation studies are needed to establish standardised protocols and confirm the reliability of UPE 

measurements across different experimental conditions[30]. The integration of UPE measurements with 

advanced sensor technologies and imaging techniques continues to evolve, promising improved 

sensitivity and reliability in future applications. This ongoing development suggests that UPE will 

become an increasingly valuable tool for assessing mitochondrial function in plant biology research. 

5. Applications of UPE Measurement in Plant Research 

Ultra-weak Photon Emission (UPE) measurement has emerged as a powerful tool in plant research, 

enabling scientists to assess plant responses to various environmental stresses, enhance breeding 

programs, and monitor ecosystem health. This innovative approach provides critical insights into 
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mitochondrial function and overall plant health, offering non-invasive and real-time data that traditional 

methods often lack[22]. 

 

Figure 1. Monitoring plant health via ultra-weak photon emission levels. 

5.1 Stress Response Studies 

UPE has been particularly valuable in stress response studies, where understanding plant reactions to 

both biotic and abiotic stressors is crucial for improving crop resilience. Research has demonstrated that 

UPE levels vary significantly under different stress conditions, such as drought, salinity, and pathogen 

attack. For instance, UPE measurements have shown a distinct increase in photon emission during 

drought stress, correlating with increased reactive oxygen species (ROS) production, which acts as a 

signalling mechanism for stress responses [31]. Additionally, plants exposed to temperature fluctuations 

exhibit changes in UPE patterns, indicating their physiological adjustments to thermal stress This 

capability allows researchers to monitor stress-induced changes dynamically, providing a deeper 

understanding of plant resilience mechanisms[32]. Moreover, UPE measurements have been 

instrumental in assessing cross-tolerance among various stressors. For example, studies have highlighted 

how exposure to one type of stress can enhance a plant's tolerance to another, with UPE serving as a 
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reliable indicator of these physiological changes .Such insights are essential for developing strategies to 

enhance plant resilience in the face of climate change and variable environmental conditions. 

5.2 Breeding Programs and Genetic Studies 

In the realm of plant breeding, UPE measurements offer a promising avenue for selecting resilient 

varieties. The integration of UPE data with modern genomic selection and marker-assisted breeding 

techniques allows breeders to assess physiological traits alongside genetic information. This synergy 

enhances the efficiency of selecting plants that can withstand environmental stresses[33]. For instance, 

UPE can help identify physiological markers associated with drought tolerance, guiding the selection of 

elite genotypes in breeding programs. Furthermore, UPE measurements have found applications in high-

throughput phenotyping, where they facilitate rapid screening of large populations for desirable 

traits[34]. This approach has been particularly beneficial in evaluating hybrid plants for their stress 

responses, enabling the identification of superior hybrids that exhibit enhanced resilience. The ability to 

obtain real-time physiological data through UPE significantly accelerates the breeding process, 

providing breeders with the tools needed to develop crops that can thrive in challenging 

environments[35]. 

5.3 Ecological and Environmental Monitoring 

Beyond individual plant studies, UPE measurements play a vital role in ecological and environmental 

monitoring. They serve as indicators of ecosystem health, reflecting the physiological status of plant 

communities in response to environmental changes. For example, studies have shown that UPE can be 

utilized to assess the impact of pollutants on plant health, offering insights into ecosystem stress levels 

[36]. By integrating UPE data with advanced ecological modelling techniques, researchers can gain a 

comprehensive understanding of how environmental factors influence plant communities and overall 

ecosystem dynamics. In the context of precision agriculture, UPE technology has been incorporated into 

smart farming practices, allowing for real-time monitoring of crop health and stress responses. This 

integration facilitates more informed decision-making regarding resource allocation, pest management, 

and irrigation practices, ultimately enhancing agricultural sustainability [37]. As UPE technology 

continues to evolve, its applications in ecological monitoring and smart farming are expected to expand, 

providing critical data for improving plant health and productivity in an ever-changing environment. The 

application of UPE measurements in plant research offers significant advantages across various 
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domains, from stress response assessment to breeding programs and ecological monitoring. By 

providing non-invasive, real-time insights into plant physiological states, UPE continues to emerge as a 

crucial tool for advancing our understanding of plant biology and enhancing agricultural practices[38]. 

6. Advantages and Limitations of UPE as a Biomarker for Mitochondrial Function 

Ultraweak photon emission offers several compelling advantages as a biomarker for mitochondrial 

function in plants [9]. One of the most significant benefits is its non-invasive nature. UPE can be 

measured without causing any damage to the plant or requiring the introduction of external probes or 

labels. This allows for the continuous, real-time monitoring of physiological processes over extended 

periods. Furthermore, the techniques used to measure UPE are highly sensitive, capable of detecting 

extremely low levels of light emission. This sensitivity is crucial for capturing the faint signals emitted 

by biological systems. The potential for high-throughput screening is another advantage, as UPE 

imaging could be adapted for rapidly assessing the health or stress status of a large number of plants or 

samples. While the focus is on mitochondria, UPE also reflects the broader oxidative metabolic state of 

the cell, providing a holistic view of cellular activity[22].    

Despite its advantages, there are also limitations to consider when using UPE as a biomarker for 

mitochondrial function[39]. The extremely low intensity of UPE necessitates the use of highly 

specialized and sensitive detection equipment, which can be expensive and require careful handling. 

Additionally, UPE is not exclusively generated by mitochondrial activity. Other cellular processes, such 

as chlorophyll fluorescence and delayed luminescence, as well as environmental factors, can also 

contribute to the overall photon emission. This means that deciphering the specific contribution of 

mitochondrial ROS to the total UPE signal can be complex and may require careful experimental design 

and controls[40]. The lack of standardised protocols for UPE measurement and data analysis across 

different research laboratories can also pose a challenge when comparing results from various studies. 

Furthermore, the emitted photons may be absorbed or scattered as they pass through plant tissues, 

potentially limiting the depth of information that can be obtained, especially in thicker samples[22].    

Table 1. Summary of Research Studies Linking UPE to Mitochondrial Function in Plants 

Plant Species 
Experimental 

Condition 

Key Findings Related to UPE and Mitochondrial 

Function 
Reference 
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Soybean 

cotyledons 

Mechanical 

wounding 

Observed high initial UPE intensity followed by a stable 

phase, potentially representing an oxidative burst and 

recovery. Suppression of emission under anoxic stress 

suggests involvement of oxygen-dependent metabolism. 

[41] 

Arabidopsis 
Mechanical 

injury 

Photon emission in the spectral region >650 nm, 

implicating chlorophyll, but also suppressed under anoxic 

stress, suggesting a link to oxygen-dependent processes. 

[42] 

Mung beans 

Growth, 

drought, 

watering, 

growth 

hormones 

Higher UPE in mature plants, spikes during drought and 

after watering, peaks during root growth, increased UPE 

with hydrogen peroxide and auxin, linking UPE to 

metabolism and stress responses controlled by 

mitochondria. 

[43] 

 

Plant seeds 

(general), cherry 

tomatoes 

Watering with 

coherent water 

Coherent water boosted biophoton emission, potentially 

reflecting enhanced mitochondrial activity. Suggests 

mitochondria as the primary site of biophoton production. 

[44] 
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Figure 2. Pros and Cons of Using Ultra-Weak Photon Emission (UPE) as a Biomarker 

7. Potential Applications of UPE in Plant Science Research 

The unique characteristics of ultraweak photon emission open up a range of potential applications in 

various areas of plant science research[45]. In the field of stress physiology, UPE can be employed to 

investigate the intricate role of mitochondria in plant responses to a multitude of abiotic and biotic 

stresses. By monitoring UPE levels and patterns, researchers may be able to identify plant genotypes 

that exhibit superior stress tolerance based on their mitochondrial responses. Furthermore, UPE could be 

used to assess the effectiveness of different stress mitigation strategies, providing a non-destructive way 

to evaluate their impact at the cellular level[24].    

In developmental biology, UPE offers a non-invasive window into the metabolic changes occurring 

during various stages of plant growth and development [Insight 25]. Studies have shown that UPE levels 

can fluctuate significantly during seed germination, seedling growth, flowering, and fruit ripening. For 
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example, peaks in UPE have been observed during periods of active root growth and in response to 

growth hormones. Monitoring biophoton emission from germinating seeds has also been explored as a 

method for assessing their overall quality. These findings suggest that UPE could provide valuable 

insights into the dynamic role of mitochondrial activity throughout the plant life cycle[46].    

The potential for crop improvement is another exciting area of application. UPE could serve as a non-

destructive tool for evaluating seed viability, vigor, and overall quality. By identifying superior plant 

varieties with enhanced mitochondrial function and resilience to stress, breeders could utilize UPE as a 

selection criterion. The suggestion that UPE and delayed fluorescence might be useful for estimating 

seed quality further supports this application. Monitoring biophoton emission from germinating seeds as 

a measure of quality has already been explored , and analyzing emission patterns to correlate with the 

degree of seed development shows promise[47].    

Finally, UPE can be a valuable tool in toxicology for monitoring the effects of environmental toxins on 

mitochondrial function in plants. Changes in UPE characteristics upon exposure to various pollutants 

could indicate disruption of mitochondrial activity and increased oxidative stress. This non-invasive 

method could be used to assess the phytotoxicity of different compounds and to understand the 

mechanisms of their action at the cellular level.    

8. Conclusion and Future Directions 

In summary, the evidence presented strongly supports the justification of ultraweak photon emission as a 

promising biomarker for mitochondrial function in plants. The biological basis lies in the close 

relationship between mitochondrial respiration, the production of reactive oxygen species, and the 

generation of UPE. Experimental studies, including those using metabolic inhibitors, genetically 

modified plants, and plants subjected to various stress conditions, consistently show a correlation 

between altered mitochondrial activity and changes in UPE. The non-invasive nature and high 

sensitivity of UPE measurements offer significant advantages for studying mitochondrial function in 

real-time and under various physiological and environmental conditions. 

Future research should focus on further elucidating the specific mitochondrial sources and mechanisms 

responsible for UPE generation in different plant species and under diverse conditions. The development 

of standardised protocols for UPE measurement and analysis is crucial to enhance the reproducibility 

and comparability of results across different studies. Integrating UPE measurements with other omics 

approaches, such as transcriptomics, proteomics, and metabolomics, could provide a more 
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comprehensive understanding of the intricate relationship between UPE and mitochondrial function. 

Further validation of UPE as a reliable biomarker by comparing it with established methods across a 

wider range of plant species and experimental setups is also warranted. The potential of UPE imaging 

for high-resolution mapping of mitochondrial activity and stress within plant tissues deserves further 

exploration. Investigating the spectral characteristics of UPE in greater detail may help identify specific 

wavelengths that are most strongly indicative of mitochondrial function. Finally, the development of 

portable and cost-effective UPE detection systems could pave the way for field-based applications in 

agriculture and environmental monitoring, unlocking the full potential of this fascinating phenomenon 

as a practical tool in plant science. 
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