


       Mechanism and Modulation of Photoreceptor Dynamics in Plant Light Sensing


                                                           Abstract
Light serves as the main environmental cue for plants, and they use photoreceptors to detect and respond to variations in light intensity. Plants can maximize growth, development, and survival by use of photoreceptor proteins, which include phytochromes, cryptochromes, and phototropins. These proteins mediate responses to red, blue, and UV light. Such photoreceptors go through conformational changes upon absorbing light, which trigger signalling cascades and gene expression alterations. A key aspect of this process is the dynamic regulation of photoreceptor activity, ensuring that plants can fine-tune their responses to fluctuating light conditions. Mechanisms such as receptor degradation, reversible phosphorylation, nuclear translocation, and interactions with other signalling proteins modulate photoreceptor function, contributing to the precise control of downstream responses. Plants are able to adapt variations in light levels and seasons because environmental factors have an impact on photoreceptor dynamics, including light intensity, duration, and wavelength composition. Also, recent research has highlighted the control of photoreceptor stability and signalling efficacy by post-translational modifications and protein-protein interactions. Recognizing these dynamic mechanisms is crucial for comprehending how plants integrate connection between light signals and other environmental indicators, like water supply and temperature. Modulating photoreceptor dynamics presents opportunities for improving crop productivity and resilience. By unravelling the molecular underpinnings of light sensing, scientists can potentially manipulate photoreceptor activity to optimize growth in suboptimal light environments, providing strategies for agricultural sustainability in the context of climate change. This review examines the latest developments in plant light sensing mechanisms and photoreceptor dynamics regulation, as well as the wider implications for plant biology.











Graphical Abstract
Light as environmental cue
Activate Photoreceptors
Conformational changes in photoreceptors
Signaling pathway activate
Dynamic regulation mechanism
Abiotic stress
Growth and Development














Keywords: Photoreceptors, Cryptochrome, Light sensing, post-translational modifications.
Introduction
Light perception and response are highly developed systems in plants, and they are essential to their expansion and maturation. In addition to providing photosynthesis with energy, light also acts as a signal that controls several physiological functions. Specialized proteins known as photoreceptors, which recognize various light wavelengths and adjust plant behaviour accordingly, are responsible for coordinating these processes. The three primary groups of photoreceptors are UVR8 (responsive to UV-B light), phytochromes (responsive to red and far-red light), and cryptochromes and phototropins (sensitive to blue and UV-A light). Each of these photoreceptor’s changes in conformation in response to light, initiating a series of downstream signal transduction pathways that control the development and growth of plants, and stress responses (1, 2). Chromophores affixed to the photoreceptor proteins absorb photons as part of the method by which these photoreceptors perceive light. For instance, phytochromes can change in between two states of conformation, the Pr (inactive, red-absorbing form) and the Pfr (active, far-red-absorbing form), which can influence the activity of regulatory proteins and transcription factors (3). On the other hand, flavoproteins called cryptochromes absorb blue light and then go through redox reactions that change the expression of genes linked to stomatal opening, stem elongation, and circadian rhythms (4). Phytochrome-Interacting Factors (PIFs), for example, interacting proteins that, in the absence of light, act as transcriptional repressors and are removed. These and other factors can affect phytochrome signalling (5). Furthermore, post-translational changes like phosphorylation and ubiquitination regulate photoreceptor stability and activity, enabling plants to react to their surroundings in a dynamic manner (6).  Gaining insight into how photoreceptor dynamics are modulated is essential for increasing agricultural production since adjusting these pathways can improve plant growth, stress tolerance, and yield in situations where light levels are not ideal (7). Future research in this field aims to comprehend the interactions among several photoreceptor signalling pathways and other environmental cues, like temperature and biotic stress.
Photoreceptor classes and their functional dynamics
It has been known since ages how light has played an essential function in the development and growth of plants. A clear elucidation of the importance of light can be obtained from the book by Darwin with his son Francis “The power of movements in plant”. This study highlights how important light is to the growth of plants, including the behaviours of leaf movement such as epinasty and hyponasty, as well as stem bending in response to strong lateral light, a phenomenon known as phototropism. The ordered control of light on the plant growth, photomorphogenesis, is governed by three photoreceptor families-
· the red (R) and far-red (FR) light-absorbing phytochromes
· the UV-A/blue light-absorbing cryptochromes
· phototropins (8)
Each of these photoreceptors undergoes conformational changes when light is absorbed, triggering a sequence of chemical events that regulate plant responses. The dynamics of these photoreceptors and how different regulatory systems regulate their activity will be covered in this review.
1.1 Phytochromes: Perception of Red and Far-Red Light
Phytochromes (PHY) serve as sensors for red (R, λ max ∼660nm) and far-red (FR, λ max ∼730nm) light. Five phytochromes are present in the commonly used model plant Arabidopsis thaliana (phyA–phyE) (9, 10).  They manifest as two 125 kDa monomers that operate as functional dimers, each holding a linear tetrapyrrol chromophore that gives the molecule light sensitivity. Red light (R) perception causes phytochromes to change from their synthetically produced in between the physiologically active (Pfr) and inactive (Pr) forms (11). There is no domain identified in phytochromes for binding to DNA but different parts of the genome have been identified to bind to protein complexes containing phyB revealing that there is a direct step where light modification gene transcription.
Table1: Types of Phytochrome
	                 Type I phytochrome
	Type II phytochrome

	phy A

	phy B
phy C
phy D
phy E

	Photo labile
	Photo stable


Phytochrome B (phyB) is a light-activated protein that moves into the nucleus and separates into liquid and liquid phases to produce a molecular condensate known as a photobody. This photobody is primarily composed of phyB, which serves as the scaffold, and is associated with at least 37 client proteins. These proteins represent a range of functional categories, with a significant presence of transcription regulators (12). The primary client proteins can be classified into several functional categories, including kinases, Pfr stabilizers, phosphatases, photoreceptors, splicing factors, transcription regulators, and ubiquitin E3 ligase complexes (13). The secondary clients can be grouped into three functional categories: chaperone, kinase, and transcription regulator. These phytochromes participate in germination responses, flowering induction, shade avoidance, and seedling growth; however, when phyA or phyB are present, their actions are less evident (14).
1.2 Cryptochromes: Blue and UV-A Light Sensors
Cryptochromes are among the first photoreceptors to emerge in plants, and they are present across all significant evolutionary lineages, comprising humans, microbes, algae, terrestrial plants, and sponges (15). Blue light responses were found to exist in cryptogams, and at the time, it was unclear what chemical components made up blue light receptors. This gave rise to the word "cryptochrome."Senger, H. Most plant cryptochromes consist of a C-terminal extension that has little to do with photolyase and an N-terminal photolase related (PHR) domain that is homologous to DNA photolyase in sequence. The cryptochrome PHR domain is responsible for binding chromophores. Conversely, the C-terminal extension is essential for nuclear/cytosolic trafficking and protein-protein interactions. Through modulating light-dependent processes such seedling photomorphogenesis, blooming timing, and stomatal opening, the circadian clock, growth, and development of plants are all regulated by cryptochromes. They aid in the control of circadian cycles in animals and have been connected to magnetoreception, the ability of living things to detect the magnetic fields of the Earth. In response to light, cryptochromes work with other signaling pathways and proteins to modify gene expression, which affects the biological clock and other physiological reactions (16, 17). Cryptochromes are key regulators of light-dependent and circadian activities because their flavin adenine dinucleotide (FAD) chromophore absorbs blue light. In response to light absorption, cryptochrome experiences a conformational shift that triggers its signaling function, ultimately resulting in the inhibition of the crucial photomorphogenesis repressor, ubiquitin ligase COP1. Cryptochromes mediate light responses by stabilizing transcription factors such as HY5, which in turn promotes chlorophyll synthesis and leaf growth. By interacting with other signaling molecules like COP1 and phytochromes, its activation in plants affects processes including seedling development, flowering, and photomorphogenesis. Cryptochromes play an important part in the circadian clock of animals by controlling the transcription of clock genes and preserving internal biological cycles. Furthermore, some species' cryptochromes might be involved in magnetoreception, a process in which they use radical-pair interactions to react to geomagnetic fields (18). There are three distinct types of cryptochromes encoded in the Arabidopsis genome: Cry1, Cry2, and Cry3. Under blue light, CRY 1 is more stable than CRY 2, while CRY 2 deteriorates (19).
1.3 Phototropins: Blue light and Phototropism
	With a molecular weight of 120 kDa, the flavoprotein phototropin controls light-induced responses to blue, UVA, and even green light. With the ability to phosphorylate its own serine and threonine residues, this protein performs the function of a serine-threonine Kinase. Phototropins Phot1 and Phot2, two distinct kinds, are included within the genome of Arabidopsis. Phot1 influences the growth of the hypocotyls and cotyledons. At higher light intensities, the hypocotyl in the phot1 mutant retains a phototropic response, but does not exhibit phototropism under low-intensity blue light (20).
Phototropins possess two primary domains:
1. N-terminal LOV (Light, Oxygen, or Voltage) domains:
· These are two flavin mononucleotide (FMN)-binding domains (LOV1 and LOV2), responsible for light sensing. Blue light absorption by FMN in these domains induces alterations in the protein's structure, which in turn cause signalling processes downstream.
0. LOV domains are homologous to the PAS (Per-Arnt-Sim) domain superfamily, which is involved in various sensory functions in organisms (21).
1. C-terminal Serine/Threonine Kinase domain: 
· This kinase domain becomes active in response to light, initiating phosphorylation cascades that result in physiological responses such as phototropism. The activation of the kinase domain follows light-induced conformational modifications to the LOV domains.
· Phototropins also have regions that connect the LOV and kinase domains, known as Jα helices. The Jα helix in the LOV2 domain acts as a regulatory switch; it unfolds when the light is turned on, this is a crucial phase in transmitting the signal to the kinase domain, leading to activation of the protein's enzymatic activity (22).
1. Modulation of Photoreceptor activity: Temperature and light levels that are outside of their ideal range are detrimental to plant health. Throughout their evolutionary history, plants have developed complex systems for detecting variations in temperature and light, which gives them warning signs to steer clear of hazardous environments. Using these signals, plants modify their body form and metabolism to withstand unfavourable conditions and minimize damage. We refer to these processes as thermo- and photo-morphogenesis. Green leaves' photosynthetic pigments and other structures absorb a significant amount of intercepted energy between 400 and 700 nm, despite the fact that part of the incoming light can either be transmitted or reflected. Therefore, whatever the amount of light, plants can sense a very shallow light gradient (23). The Arabidopsis plant has facilitated the identification of the molecular constituents of light perception and the auxin signaling pathways implicated in phototropism (24, 25). In Arabidopsis, phototropin blue light receptors control both root and hypocotyl phototropism (26). Conversely, because of light-mediated increases in protein quantity, phot2's activity in hypocotyl phototropism is limited to elevated levels of light (27, 28). UV RESISTANCE LOCUS 8 (UVR8), a recently discovered plant UV-B photoreceptor, mediates this phototropin-independent response (29). It's possible that the mechanism of growth behind UVR8-dependent hypocotyl phototropism is different from that of phototropin-mediated processes that cause hypocotyl curvature towards the blue light (30).
Green wavebands may influence some plant functions even in the absence of known photosensors, even though the precise receptors are still unknown. The fact that green-light effects usually counter the actions of red- or blue-light-regulated plant activities is one of their shared characteristics (31). According to plant whispering, using green wavebands can have an impact on pigmentation and may be crucial for controlling plant height. Regardless of how high the overall rate of fluence increased, the dry mass was lower in plants grown under visible light with a green component. Green light reveres cryptochrome activation, but other reactions seem to function on their own. It was demonstrated that green light altered the growth, thickness, and stomatal conductance of leaves (32). Green light was demonstrated to prevent blue- light-induced opening of the stomata, therefore the decrease in the stomatal conductance could be partially responsible for this effect (33). Green light-induced symptoms of shadow avoidance may be the cause of the influence on leaf size (34). Studies conducted in 2004 by Folta have demonstrated that green wavebands accelerate early stem growth and reduce the accumulation of chloroplast transcripts (35). Green wavebands generally have an opposite effect to red and blue light, with their effects being most noticeable at low flow rates. Because the green-sensing systems may lessen the impacts of cryptochromes without influencing the flux generated by blue light through phototropins, they may also be beneficial in regulating plant characteristics. These wavelengths may be helpful in counteracting the effects of blue light, which can alter crop plants' growth, elongation, and colouring.
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Fig.1. The proportionate arrangement of electromagnetic radiation and the precise wavelengths at which plant photosensors respond (36) 
2.1Post-Translational Modifications: Plant photoreceptors identify the photons in the incoming light by using chromophores. Phytochrome receptors for red and far-red lights are correlated with phytochromobillin tetrapyrole ring, which has the ability to react to red and far-red light by isomerizing, thereby inducing modifications within the composition of proteins (37). According to (38) phytochromes in their active Pfr form translocate between the cytoplasm and the nucleus, where it can directly engage with PIFs (PHYTOCHROME INTERACTING FACTORS) family of basichelix-loop-helix transcription factors to start light-regulated gene production. Phytochromes primarily accomplish their goal by producing different biochemical changes to the PIFs' transcription factors (39). Among these early responses are sequestration, phosphorylation, poly-ubiquitylation, and ultimately decline in the PIFs through the 26S proteasome-mediated degradation pathway (40, 41). Phosphorylation is a widely used PTM that regulates the function of photoreceptors. The three primary classes of plant photoreceptors—phototropins, phytochromes, and cryptochromes—are regulated by phosphorylation processes. To activate phototropin 1 (PHOT1) in reaction to blue light, for instance, specific serine residues in PHOTIN must be phosphorylated. Phototropism, chloroplast movement, and stomatal opening are all caused by signaling cascades that are initiated by the phosphorylation event in plants in response to light (42). Similar to this, phosphorylation changes the nuclear localization and interactions of phytochromes, which are light-sensitive red/far-red light sensors (43). Another significant PTM that controls the function of photoreceptors by regulating their turnover and destruction is ubiquitination. In reaction to light signals, ubiquitin ligases target photoreceptors like phytochromes for proteasomal destruction. 
This ensures that light responses are strictly regulated and stopped when needed. According to (44) PHYTOCHROME INTERACTING FACTOR 3 (PIF3), for instance, engages in interaction with phytochromes that is ubiquitinated and destroyed under light, enabling the transition between light and dark developmental programs. By altering photoreceptor stability and interactions with other proteins, sumoylation and S-nitrosylation also regulate photoreceptor activity. It has been observed that SUMO-paired photoreceptors modify light signaling pathways, which impacts the plant's capacity to react to different light wavelengths (45). In a similar vein, photoreceptor function can be modulated by S-nitrosylation of certain cysteine residues through changes in protein-protein interactions or stability in varying environmental conditions (46).
2.2 Light-Dependent Nuclear import and Subcellular Localization: Plants respond to different light conditions by regulating gene expression, and one important regulatory mechanism for this process is photoreceptors' light-dependent nuclear import. When a light gets absorbed, photoreceptors—including phytochromes, cryptochromes, and phototropins— undergo structural alterations that result their relocation from the nucleus to the cytoplasm. This process is reliant on particular light wavelengths and is strictly regulated. Phytochromes, for instance, sense red and far-red light and are brought into the nucleus to interact with transcription factors, such as PHYTOCHROME INTERACTING FACTORs (PIFs), where they affect the transcription of genes that respond to light. Plants are able to adjust their developmental processes, such as seed germination, blooming, and shade avoidance, in response to environmental light cues because to this spatial control of photoreceptor activity (47, 48).
Apart from nuclear import, subcellular localization of photoreceptors is essential for adjusting photoreceptor activity. Various photoreceptors relocate to different cell compartments based on the type of light and how well they are functioning. For example, blue light-absorbing proteins called cryptochromes can act in the nucleus or cytoplasm, mediating responses to photomorphogenesis and circadian rhythms (49). Moreover, phytochromes are sensitive to post-translational changes such phosphorylation, which further affects their location and function. In reaction to light exposure, they also move back and forth between the cytoplasm and the nucleus (50). Plants can better optimize their growth and development in variable surroundings because of their ability to precisely control subcellular localization and nuclear import, which synchronizes their photoreceptive signals with appropriate physiological responses (51) 
2.3 Interaction with other Signalling Pathways: Certain light wavelengths can be detected by photoreceptors, including phytochromes, cryptochromes, and phototropins, which then translate those wavelengths into physiological responses that are paired with stress- and hormone-signaling pathways. The primary light sources that phytochromes (phyA, phyB) respond to both far-red and red lights. These light sources start signaling cascades that affect gene expression, morphogenesis, and photoperiodic blooming. Gibberellins (GAs), brassinosteroids (BRs), and auxins interact with phytochromes to modulate responses such as shade avoidance, hypocotyl elongation, and seed germination. For example, under darkened conditions, phyB prevents excessive growth by suppressing GA signaling and lowering DELLA breakdown (52). This interaction illustrates how photoreceptors process light and regulate hormones to accurately control plant development under various light situations. In addition to sensing blue and UV-A light, cryptochromes (cry1, cry2) interact with other signaling molecules including auxins and abscisic acid (ABA) to control stomatal aperture, photomorphogenesis, and stress responses. Furthermore, it has been shown that cry1 contributes to the preservation of plant architecture by preventing hypocotyl expansion in blue light circumstances by decreasing auxin signalling (53). Reactive oxygen species (ROS) and calcium signaling pathways are interacting with phototropins, which are mainly engaged in phototropism and chloroplast mobility. For instance, the sensing of blue light by phototropin causes the creation of ROS and an influx of calcium, which in turn activates MAP kinase cascades and controls the activation of genes and growth responses (54) 
PhyA is primarily responsible for the early (~1 h after irradiation) modifications to the molecular gene expression, while phyB is incharge of the longer-lasting changes in gene expression brought on by light (55). The "inactivation of the negative factors and activation of the positive factors" of light signaling pathways that can be used to conceptualize the process of de-etiolation mediated by photoreceptors. Together, the two main negative regulators in the dark—PIFs and COP1/SPA E3 ligase—block the expression of genes controlled by light. Positively influencing transcription factors through light signaling pathways are broken down by the COP1/SPA E3 ligase complex, which is operational at night (56). PIFs block light signals in the absence of light by collaborating with COP1/SPA (57). Both phytochromes and cryptochromes interact with PIFs (phytochromes and cryptochromes) and CIBs (cryptochromes alone) to control their functions when exposed to light. Furthermore, phytcohromes and cryptochromes interact with the COP1/SPA complex to render it inactive, which stabilizes the HY5 transcription factor, which has the ability to target almost 9000 genes (58). 
Activated phytochromes are primarily accountable forlarge transcriptional alterations, as they both destabilize and stabilize the aforementioned transcription factors. Accordingly, a number of studies proposed post-transcriptional phytochrome modulation during de-etiolation. A little over 7% of the annotated Arabidopsis genome possesses alternate splicing depending on phytochrome and red light (59). In particular, it was discovered that SFPS, a phytochrome-associated splicing factor, operates under splicing activities mediated by red light (60). This discovery suggests that the photoreceptor plays a potential role in translational regulation. Alternative choices of promoters by phytochromes, as reported in an intriguing study (61), ultimately led to the synthesis of unique protein isoforms with various subcellular locations. Phytochromes have an interestingly opposing effect on two separate tissues during early light perception: they allow cotyledon cell expansion while inhibiting hypocotyl cell expansion. So, when it comes to cell proliferation in cotyledons and hypocotyls, phytochromes might act in two different ways (62). This may suggest that separate light signaling pathways exist in various tissues, resulting in entirely different physiological outcomes in various tissues.          
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Fig: 2. Convergence on photoreceptors of various environmental signals. Phytochromes directly sense two things: temperature and ambient light. The coordination of photoreceptors enables plants to react to various stimuli, including biotic and abiotic stressors, gravitropism, and different developmental phases. Photoreceptors share a number of molecular components such as PIFs (PHYTOCHROME INTERACTINF FACTORS), HY5, HFR1, and the E3 ligase COP1-SPA complex, which are critical signaling components. Deactivating PIFs and COP1-SPA, two negative regulators of light signaling, allows photoreceptors to respond to light signals by inducing notable changes in gene expression. Master transcription factors target a huge number of genes in the Arabidopsis genome, and photoreceptors stabilize these transcription factors. Among them are HY5 and HFR1. Eventually, the increased plant growth and fitness brought about by these photoreceptor-mediated regulation increases grain and biomass production in agriculture. (63)
2.4 Circadian Rhythms and Photoreceptor Function: Plants are sessile organisms whose growth and development are mostly controlled by environmental stimuli, especially light. Photoreceptors and the circadian clock work together to help plants anticipate and adjust to daily and seasonal variations in light conditions. This interaction is a crucial part of the regulatory process. Plants use their circadian rhythms to control physiological processes like stomatal opening, photosynthesis, and flowering. Photoreceptors include phytochromes, which react to red and far-red light, cryptochromes, which respond to blue light, and phototropins, which are involved in phototropic responses (64). 
These 24-hour cycles of self-sustaining, endogenous oscillations—also referred to as circadian rhythms—are triggered by outside light stimuli. When photoreceptors detect light in their environment, they transmit signals to the circadian rhythm. According to Franklin and Quail (65), this synchronization enables the plant to control its actions in advance of dawn and sunset, improving its capacity to maximize light absorption and energy use. Research has indicated that the period and amplitude of circadian rhythms can be influenced by light quality, quantity, and duration, indicating the close connection between internal clock systems and light perception (66). In A. thaliana, the GI, a component of the clock, initiates photoperiodic flowering. This GI binds to the CO promoter to start CO expression. Location determines when leaves bloom, and GI controls leaf senescence. In the link between flowering and leaf senescence that develops a plant's productivity and fitness, GI frequently acts as a mediator. The ELF 4 has a direct connection to the GI and prevents the GI from interacting with the ORE 1 promoter (67). The regulatory network's conclusion controls the transcription of CO, and CO mRNA is rapidly extracted after the night. After then, CO ceases to assemble at dusk as a result of protein degradation brought on by the interaction with SUPPRESSOR OF PHYA-105 1 (SPA 1) and CONSTITUTIVE PHOTOMORPHOGENESIS 1 (COP 1) (68). Photoactivated CRYPTOCHROME 2 (CRY 2) forms a complex molecule with COP 1 and SPA 1 that prevents CO from degrading (69). Moreover, floral activators CO and FT are regulated by GI through their formation of a blue light-dependent complex with FKF1 (FLAVIN-BINDING, KELCH REPEAT, F-BOX 1) (70). According to (71), the GI-FKF1 complex breaks down CYCLING FIRST DOF FACTOR (1), a protein that inhibits CO and FT transcription. According to (71), the activation of FT expression in LDs is controlled by CO protein levels, which are maintained by FKF1 at the end of the extended photoperiod. 
	Additionally, light controls the amount of CO protein, thus red and blue light, respectively, have larger CO levels. Conversely, blue and far-red light help to maintain CO stability. This regulation facilitates the accumulation of CO protein levels in the LDs' evening, which enhances the floral signal. In connection to the light that triggers gene expression, CRY and PHY are translocate to the nucleus, where they mediate the clock entrainment with the light. According to Roden and Ingle (72), several defense genes are regulated by the circadian clock and PHY function. 
Deficits in PHY A/B cause plants to express PRR to be completely reduced; this indicates that the defensive signalling pathway is required (73). Plant defense is active during the day rather than at night, according to (74). They have also used stomata and a pressure inoculum in Pseudomonas syringae (P. syringae) leaves to redirect the plant's natural defensive mechanism. The plant's resistance to several diseases and pests is decreased by the clock's rhythmicity; this impact is amplified when the endogenous clock interacts with defense hormones like Jasmonic Acid and Salicylic Acid (75). 
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Fig: 3. Diagram illustrating the photoperiodic flowering pathway. The phytochromes and cryptochromes that synchronize the circadian rhythm are sensitive to light. The clock controls CO expression, while GI controls CO mRNA levels, which control blooming. Activated CO protein first promotes blooming by triggering the way in which the genes regulating the floral meristem identity are expressed is determined by the expression of the floral integrators FT and SOC1 (76)
3. Evolutionary Insights and Ecological Significance
Photoreceptors are specialized proteins that have evolved to sense and convert light into cellular signals, playing a key role in the adaptability and survival of organisms. Their evolutionary history extends back more than 600 million years, with distinct types emerging in different lineages, such as opsins in animals and phytotropins, cryptochromes, and phytochromes in plants. These photoreceptors evolved independently through gene duplication and functional specialization, adapting to diverse environmental light conditions. In plants, photoreceptors control essential functions like seed germination, flowering, and phototropism, allowing plants to optimize their growth in changing light environments (77). In animals, opsins show remarkable adaptations, with species in low-light habitats developing highly sensitive vision, while many terrestrial animals have evolved colour vision for tasks like foraging and social communication. The relationship between photoreceptors and ecological pressures highlights their evolutionary importance, shaping species diversity and survival strategies.
3.1 Evolution of photoreceptors 
Photoreceptors are essential for plants to survive in the short term, additionally; they impact long-term evolutionary pathways and raise the diversity of species. When plants initially began to inhabit a certain area, they brought their photoreceptors with them, leaving the surrounding area mostly desolate and evenly lighted during the day. In this early period, plants likely used photoreceptors to regulate the production of advantageous compounds like antioxidants and UV-protectants, aiding their adaptation to harsh conditions, while also controlling reproductive timing and chloroplast movement (78). As light gradients emerged beneath plant canopies and pigments altered the light spectrum, plants diversified into both shaded and open environments. This required a broad array of photoreceptors to increase their chances of success in various settings (79). Ferns and bryophytes, for example, varied underneath the protection of seed plants (80), leading to the diversification of photoreceptor families as well. Gene duplication led to the evolution of the phototropic and phytochrome families in particular, leading to disparate paralogs that react differently to different types or intensities of light (81). Light signals control plant growth through a process called photomorphogenesis. Three primary types of photoreceptors are involved in this process: phytochromes, which absorb red (R) and far-red (FR) light, and cryptochromes and phytotropins, that absorb blue and UV-A light (82).
3.2 Photoreceptor Adaptation to Environmental Stress
In plants, light is an essential environmental indication that affects multiple aspects of growth, including seed germination, carbon uptake, elongation of stem, leaf shape, and blooming. Thus, a plant's health and performance depend on its capacity to recognize and evaluate light quality. There are three primary kinds of photoreceptors that regulate how plants react to light (83). Also, helping plants to up cope with a variety of abiotic stressors are these photoreceptors.
a) Drought Stress
Phytochrome contributes to stress regulation due to drought during the light-dormant seed germination process (84). Furthermore, abscisic acid (ABA), the main signaling chemical used by plants during drought, interacts with phytochromes (85). Research by Sawada et al. (83) demonstrated that phytochromes can reduce the gene expressions associated with ABA metabolism. The dehydration experiments revealed that the Nicotiana plumbaginifolia pewl mutant, which is devoid of a functional phytochrome, exhibited notably greater levels of ABA and superior water retention in contrast to the natural type (86). These findings may explain the heightened vulnerability to excessive pigmentation (hp) mutants in Solanum lycopersicum, which are known to exhibit disproportionate reactions to light and increased vulnerability to drought stress (87, 88). Various photoreceptors, such as phytochromes, are involved in the transduction of light signals and regulate a wide range of reactions. Moreover, the phytochrome-deficient Solanum lycopersicum aurea (au) mutant did not exhibit any alteration in transpiration rates during drought situations (89), suggesting that different species may respond differently to phytochrome signaling in response to drought stress.




[image: ]Fig: 4. The way phytochromes react to changes in temperature and moisture levels indicates when seeds will sprout. Phytochromes facilitate germination by inwardly decreasing the stress hormone abscisic acid (ABA) and increasing gibberellic acid (GA). When seeds are mature, low temperatures induce dormancy. That is to say, phyA aids in maintaining cold-induced dormancy, but phyB is essential for breaking it.
b) Salt Stress
Osmotic effects of salt stress and drought can trigger a same signaling pathway (90). Furthermore, it has been demonstrated that cryptochromes (crys) have an impact on how the body reacts to salt stress through ionic actions. Xu et al. (91) found when exposed to severe salt stress, transgenic Arabidopsis lines overexpressing TaCRY1a and TaCRY2 from Triticum aestivum showed enhanced sensitivity in comparison to the watered control (120 mM NaCl). While salt stress negatively impacted germination in wild-type (WT) plants, the effect was even more detrimental within the transgenic lines. More remarkably, TaCRY1a overexpression in plants revealed the increased salt sensitivity than those overexpressing TaCRY2. Additionally, real-time PCR analysis demonstrated that the TaCRY2 transcript levels in the roots of Arabidopsis subjected to salt stress (250 mM NaCl) increased considerably after 12 hours of stress induction throughout a 28-hour period. Notably, it was found that salt stress may also activate TaCRY1a transcription after a 24-hour exposure to the stressor.
c) Temperature Stress 
Temperature stress leads to significant metabolic damage in plants, influencing enzymatic activities and protein stability in particular (92). Recent reviews have emphasized changes in the controlling systems of reactive oxygen species (ROS) and various pathways during heat stress, indicating a strong association with downstream heat shock proteins (HSPs) (93). In this context, the transcription profile of HSPs is significantly influenced by cryptochromes (crys) (94), offering a fresh viewpoint on how blue light photoreceptors react to high temperatures. According to one study, cry1 reduces auxin biosynthesis to aid Arabidopsis seedlings in acclimating to the heat, which results in noticeable morphological alterations (95). Moreover, CRY1 interacts with gene promoters under high temperature in a manner dependent on PHYTOCHROME-INTERACTING FACTOR 4 (PIF4), which is necessary for blue light-dependent signal transduction. These genes include flavin-binding monooxygenase family protein (YUC8), indole-3-acetic acid inducible 19 (IAA19), and indole-3-acetic acid inducible 29 (IAA29). On the other side, regulatory components like COP1, HY5, and Z-box aid in Arabidopsis' ability to withstand cold stress (96); Z-box functions as a regulatory cis-element in the promoters of responsive genes, such as the HY5 transcription factor (97). However, it is clear that the control over temperature responses in plants caused by crys remains largely unexplored field, requiring more thorough investigation.
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Fig: 5. This flowchart shows the interconnected pathways for heat and cold stress, indicating how key molecules and proteins interact in response to temperature variations.
d) Light Stress
Phytochrome-mediated responses to high-light stress play a critical role in plant acclimation, particularly by adjusting light perception and signal transduction pathways. Red/far-red light receptors called phytochromes control a number of physiological functions, such as stress tolerance and light adaptation. Under high-light conditions, phytochrome signaling triggers a series of protective mechanisms to prevent photodamage (98). It has emphasized the function of phytochromes, especially Phytochrome B (phyB), in balancing energy dissipation and photoprotection. PhyB interacts with key transcription factors, including PHYTOCHROME-INTERACTING FACTORS (PIFs), to regulate genes linked to photosynthesis during high-light exposure (99). This response leads to adjustments in chloroplast function and gene expression to optimize light energy use, while also initiating photoprotective mechanisms such as non-photochemical quenching (NPQ) and activation of antioxidant pathways to minimize reactive oxygen species (ROS) damage. Moreover, studies have revealed that phyB influences stomatal conductance and regulates photomorphogenic development under high-light stress, contributing to water use efficiency and the avoidance of excess light energy. This regulating system is necessary for plants to develop and survive in environments with variable light levels (100). Thus, phytochromes, particularly phy B, are integral in helping plants acclimate to high-light environments by modulating stress responses and protecting the photosynthetic machinery from photodamage (101).
A crucial mechanism that guarantees seedling survival in their early developmental phases is the photoprotection resulting from the buildup of anthocyanins in the hypocotyls and cotyledons (102). Given the importance of ammonia-lyase phenylalanine (PAL) (103) and chalcone synthase (CHS) (104) in the anthocyanin biosynthesis pathway, it is likely that phytochrome contributes to these responses (105). Nevertheless, it is still unclear how phytochromes function during the induction of anthocyanins after being exposed to UV-B light. While persistent red light resulted in significantly improved anthocyanin production when Zea mays coleoptiles are exposed to UV-B, It was demonstrated that in Sinapis alba, phytochrome-mediated anthocyanin production was prevented by UV-B rays (106;109). Since UV-B light treatment modifies certain sets in addition to R and FR light therapy, the genetic specifics of this signaling are intricate, despite the fact that these experiments have helped to clarify phytochrome's involvement in the transmission of UV-B light signals (107;108).
4. Conclusion:  Ultimately, photoreceptor dynamics play a vital function in giving plants permission to sense and adapt changing light levels, which in turn allows them to maximize their chances of survival and growth. Because complex systems control the activity of photoreceptors, plants can adjust how they react to variations in the amount, kind, and duration of light. These mechanisms include protein degradation, phosphorylation, and interactions with signalling molecules. Moreover, the numerous interactions between light signalling pathways and environmental factors like temperature and water availability complicate the regulation of photoreceptors. Understanding the molecular processes underlying photoreceptor modulation has recently led to new discoveries on how plants combine light signals with other environmental cues to better adapt to changing conditions. Improving crop production and resilience by adjusting these pathways presents interesting prospects, especially in light of climate change and less-than-ideal growing conditions. To fully utilize plant light-sensing mechanisms and create sustainable farming methods, more research in this field is necessary. 
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