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ABSTRACT

The Ultraweak photon emission (UPE) represents an intersection of plant biology, biophysics, and agricultural innovation. The UPE through oxidative processes
provides a unique non-invasive window into plant cellular metabolism and stress responses. The spectral and temporal characteristics of UPE offer applications,
from agricultural monitoring to fundamental research on biological mechanisms. The non-destructive nature of UPE measurement, coupled with its potential for
real-time monitoring, allow assessing mitochondrial function in living plants. This capability distinguishes UPE from many traditional methods that are either
invasive or require destructive sampling. Furthermore, research has successfully demonstrated the utility of UPE in detecting changes in plant health and stress
responses, highlighting its sensitivity and diagnostic potential. The applications of UPE research expand across multiple fields, promising new tools for
understanding and managing plant health and stress responses. Upcoming analytical tools hold promises for transforming plant monitoring and management
practices. Future technological advancements will focus on developing more sensitive, portable detection systems that can be deployed in field conditions.
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1. Introduction to Ultraweak Photon Emission (UPE) in Plants

Biophotons offer insights light as signalling molecule in intercellular and inter-organellar communication within plants. Ultraweak Photon Emission
(UPE) or biophoton emission, represents biological activity in all living organisms, including plants. Ultraweak Photon Emission is the spontaneous
emission from biological systems, closely associated with oxidative processes and the generation of reactive oxygen species (ROS). UPE and the field of
biophotons, has applications in plant health and agriculture.

The origins of UPE in plants are attributed to biochemical reactions and metabolic activities. The plant oxidative metabolism playing a central role as
electronically excited species formed during these oxidative metabolic processes are responsible for the emissions. Excited molecules, such as singlet
oxygen and triplet carbonyls, formed during oxidative processes, are considered likely sources of photon emission. Processes like lipid peroxidation and
protein oxidation, induced by reactive oxygen species (ROS), can also trigger UPE. Reactive oxygen species play a central role in UPE production.
Cellular organelles such as mitochondria and chloroplasts, where ROS is generated during metabolism and photosynthesis, are potential sites for UPE
production. UPE is primarily linked to metabolic activities within plant mitochondria, where lipids containing carbon-carbon double bonds that are
susceptible to peroxidation. Further, proteins and nucleic acids undergo oxidative modifications. Biophotons from the relaxation of excited states of
biological molecules during metabolic reactions, release ROS [1]. As plants encounter stressors such as drought, salinity, and extreme temperature, the
production of ROS increases, leading to UPE. This relationship allows UPE to serve as a non-invasive indicator of plant stress and overall health [2].
Notably, the initial observations of UPE were made in plants, suggest its involvement in their physiology. This report examines the current understanding
of UPE in plant mitochondria, and emerging technological applications.

Measurement and Analysis of UPE in Plants

UPE from plants spans a broad spectrum of wavelengths, in the visible to near-infrared range. Studies have demonstrated that the spectral distribution of
these emissions show underlying biochemical processes. The extremely low intensity of photon emission necessitates using highly sensitive and advanced
technologies for its measurement. A milestone in biophotonics was the photon multiplier tube (PMT) development in the 1950s. The PMT's ability to
amplify weak light signals, allow researchers to demonstrate emissions. However, the electron multiplication process in EMCCDs can make quantitative
photon counting challenging due to the inherent randomness of the gain. To ensure accurate measurements, UPE experiments are typically conducted
within dark chambers to eliminate interference from ambient light. PMT detectors are often cooled to very low temperatures to minimize thermal noise,
which can obscure UPE signals. These spectral shifts reflect alterations in the types of oxidative reactions occurring within the plant tissues.

Biophotons can potentially serve as fingerprints plant stress responses or metabolic states.

Currently, charge-coupled device (CCD) cameras, including intensified CCDs (ICCDs) and electron-multiplying CCDs (EMCCDs), are the workhorses
for UPE imaging in plant research. The cameras offer high sensitivity, low noise, and the crucial ability to capture spatial information. They offering
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insights that conventional measurement techniques for imaging UPE distribution across plant tissues. EMCCDs, in particular, provide exceptional
sensitivity, enabling the detection of even single photons.

Results

Plant mitochondria serve as central for cellular energy production and metabolism. Mitochondria is one the primary sites for ROS generation and
potentially UPE production. During oxidative phosphorylation, electrons from the electron transport chain, leading to the formation of superoxide radicals.
The oxidative chain reactions result in electronically excited states of biomolecules. The integrity and functional state of mitochondria therefore directly
influence the intensity and spectral characteristics of UPE from plant tissues. Therefore, it is crucial to distinguish UPE from other forms of light emission
observed in plants. Bioluminescence, involves enzymatic reactions, such as those catalysed by luciferase, resulting in biophoton emission at higher
intensity. In contrast, UPE occurs spontaneously without external excitation. Furthermore, UPE can be broadly categorized into spontaneous
luminescence. It is continuously emitted, and exogenously induced luminescence, which includes delayed luminescence (DL). DL refers to the weak
emission of light following the removal of an external light source, as excited molecules return to their ground state. Another distinction is from blackbody
radiation, which is solely dependent on the temperature of an object. Blackbody radiation has a different spectral profile, primarily above 1000 nm at
room temperature. UPE at typical biological temperatures is orders of magnitude higher than that of blackbody radiation in the same spectral range.

The Interconnection Between Ultraweak Photon Emission and Plant Physiology

Recent research has revealed that plant mitochondria can import DNA fragments through distinct membrane channels. The interconnection between UPE
and nucleic acid import suggests communication mechanisms that may involve quantum processes. Thus, UPE is recognized as a non-invasive diagnostic
tool that effectively reflects plant cells' functional status and overall health. Changes in the intensity and characteristics of UPE have been consistently
observed in response to a wide array of biotic and abiotic stress conditions. An increase in UPE intensity is frequently detected when plants are subjected
to stress conditions such as mechanical injury, fluctuations in temperature, chemical treatments, pathogens, drought and salinity. UPE can indicate the
presence of stress, and predict stress responses. UPE is also implicated in plant mitotic processes like growth and development. Several studies show
higher emission levels in apices and during periods of active root growth. These findings suggest roles of UPE in cellular regulation and adaptation
processes.

Table 1: Ultraweak Photon Emission and Plant Responses

Nomenclature Description

UPE Definition Spontaneous emission of extremely low levels of light from living
organisms, including plants.

UPE Intensity Range A few to a few hundred photons/cm?/sec

UPE Spectral Range Typically, 200-1000 nm (UV, Visible, Near-Infrared), sometimes
reported as 180-1500 nm.

Primary Origins of UPE Biochemical reactions and metabolic processes, particularly oxidative
metabolism involving ROS.

Distinction from Bioluminescence Bioluminescence involves enzymatic reactions and higher light
intensity.
Distinction from Blackbody Radiation Blackbody radiation depends solely on temperature and has a

different, mostly higher, spectral range.

Reactive oxygen species (ROS)

Reactive oxygen species (ROS) are now considered crucial precursors in generating UPE in plants. Studies suggest that ROS generated in cells may
achieve its physiological and pathological effects. The biophoton emissions, provide a new quantum biological mechanism for ROS activity molecules
produced during normal metabolic activities. UPE is also intrinsically linked to the metabolic processes within plants. It is considered an inherent
characteristic of all living systems, reflecting their local energy state and ongoing metabolic activities. Spontaneous UPE occurs as a natural consequence
of the chemical reactions within plant cells. The phenomenon is so closely tied to cellular activity that UPE can serve as a sensitive indicator of a plant's
overall metabolic state and physiological well-being.

Reactive oxygen species (ROS) play a role in UPE. The reactive molecules and free radicals are byproducts of essential energy-generating pathways in
plants, such as photosynthesis and mitochondrial respiration. ROS at low to medium concentrations plays critical roles in intracellular homeostasis,
signalling, and defence against pathogens. The excessive ROS production under stress conditions can lead to oxidative stress. The cellular oxidative
stress, characterized by ROS-induced lipid peroxidation and proteins can trigger the electron excitation and transfer processes. Both ROS and UPE
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production often increases when plants are exposed to stressors. Stress elevated ROS production can lead to oxidative stress within the plant, which is
associated with increased UPE intensity. ROS-induced processes like lipid peroxidation and protein oxidation can trigger the excitation of electrons, that
ultimately result in UPE. The close relationship between stress, ROS production, and UPE underscores the potential of UPE as an indicator of a plant's
cellular redox state and its response to environmental stimuli.

Discussion

The established correlation between UPE and ROS production under stress conditions suggests that UPE could be a valuable, non-destructive method
for monitoring plants' oxidative stress levels. This perspective challenges traditional molecular action processes that rely solely on diffusion and target
binding. The generation and degradation time of ROS in cells is exceptionally short. Perhaps alternative mechanisms like biophoton radiation may
facilitate their cellular effects. This quantum biological framework suggest oxidative processes might influence cellular function beyond direct ROS
generated excited molecular species that emit biophotons. Thus, measuring UPE intensity could provide a real-time assessment of a plant's stress level
without causing any damage. Biophoton emissions are for the early detection of stress caused by environmental factors or pathogen attacks, allowing
timely interventions to mitigate potential harm and improve plant health.

Recent advancements in imaging technologies, such as charge-coupled devices (CCDs) and photomultiplier tubes (PMTSs), have enhanced the ability to
detect and analyse UPE. Technologies enable researchers to visualize and quantify the emission of biophotons, providing insights into the physiological
state of plants under stress [2]. The progression of UPE measurement technology, from PMTs to CCD and EMCCD cameras indicate technological
advancements. More applications have enhanced our ability to detect and analyse extremely low signals. UPE imaging can be utilized to monitor the
health of crops throughout their growth stages, allowing for timely interventions in agricultural practices. Plant stress responses studies have shown that
UPE can reflect the extent of oxidative damage in plants. UPE is a valuable tool for understanding how plants adapt to environmental stresses. By
analysing the kinetics of UPE, indicate insights into the physiological changes occurring within plants under stress conditions [2]. Beyond agriculture,
UPE has implications in fields such as eco-toxicology and medicine, where understanding oxidative stress and cellular health is essential [1].

The fundamental for validating theoretical models and exploring the diverse potential applications of UPE research in plant science and beyond. There is
a strong mechanistic link between mitochondrial activity and UPE, correlations with key physiological parameters. UPE non-invasive technique can help
in assessing the effectiveness of stress mitigation strategies and improving plant breeding programs aimed at enhancing stress tolerance [1]. The
advantages of its non-destructive and real-time nature, UPE holds promise as a valuable diagnostic biomarker for mitochondrial function in plants. Future
research should focus on spectral analyses to mitochondrial correlation studies. Direct measures of oxygen consumption and ATP levels in field studies
show utility in real-world agricultural scenarios.

Conclusion

The study of ultraweak photon emission in plant mitochondria represents a promising frontier in biophotonics. UPE has significant potential for
technological advancements in agriculture and environmental monitoring. By leveraging UPE as a diagnostic tool, researchers can enhance our
understanding of plant stress responses and contribute to the development of more resilient agricultural systems. The unique characteristics of ultraweak
photon emission, its non-destructive and real-time monitoring capabilities. The relationship between UPE and reactive oxygen species suggests quantum
biological mechanisms. Current knowledge challenges traditional views of cellular signalling, opening research directions for plant biology. Future
technological advancements will likely focus on developing more sensitive, portable detection systems that can be deployed in field conditions.
Development of machine learning analytical tools can help interpret the complex data generated by UPE measurements. Atrtificial intelligence
developments hold promises for UPE plant monitoring and management practices, contributing to more sustainable and efficient agricultural systems.

UPE holds promise in the agricultural sector as a non-destructive detection tool for evaluating food quality and safety. Its potential for non-invasive
monitoring of key food quality indices could revolutionize assessing agricultural products. Moreover, UPE measurements can be valuable in determining
seed quality and assessing germination levels, for optimizing planting strategies. The use of UPE for agricultural applications and plant physiology lead
to sustainable farming practices, improve crop management and food production efficiency.
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