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ABSTRACT  

Light is a key factor in regulating a wide variety of plant processes, including 

photosynthesis and photomorphogenesis, both of which significantly influence plant fitness. 

While artificial lighting has been used to promote plant growth and development in the 

horticultural industry for over a century, it is only in the last decades that Light Emitting 

Diode (LED) technology has emerged as a valuable tool in agriculture, offering an eco-

friendly and cost-effective alternative to traditional grow lights. These advantages make 

LEDs an attractive replacement for conventional lighting systems. A deeper understanding 

of the mechanisms and adaptive strategies employed by plants in response to variations in 

light spectra is crucial for advancing knowledge in plant physiology and agricultural 

sustainability. 

As part of my PhD research, I investigated the influence of artificial LED lighting systems 

on the growth and development of different plant species, including Lens culinaris Medik., 

Cucurbita pepo L., and Diplotaxis tenuifolia (L.) DC. Plant responses to different light 

regimes were analysed at both morpho-physiological and biomolecular levels, with the aim 

of optimising spectral quality and quantity to improve plant growth and development. 

Additionally, the project sought to develop tailored light spectrum recipes suitable for 

indoor horticultural applications. 

The following topics were addressed to accomplish the aim of the project:  

(i) Investigation of the effects of different light intensities and spectral compositions on 

the growth, bioactive compound content, antioxidant metabolism, and gene 

expression of lentils (Lens culinaris Medik). 

(ii) Evaluating the impact of broad-spectrum (white) lighting and narrow-spectrum LED 

lighting (red, green, and blue) on seed germination and seedling development of 

pumpkin (Cucurbita pepo L. var. Alberello di Sarzana) intended for transplanting at 

the Sapori di CasaÉ farm.  

(iii) Analysis of the phytochemical content and microbiological quality of soilless (SS) 

and soil-bound (SB) wild rocket (Diplotaxis tenuifolia (L.) DC) during cold post-

harvest storage under red, green, and blue LED lighting. 

Keywords: light emitting diodes, horticultural and agricultural industry, light quality, light intensity, blue 

light, red light, green light, germination, seedling growth, plant architecture, reactive oxygen species (ROS), 

oxidative stress markers, antioxidant enzymes, gene expression, post-harvest storage, microbiological quality, 

Lens culinaris, Cucurbita pepo, Diplotaxis tenuifolia.  
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SOMMARIO 

La luce ¯ un fattore chiave nella regolazione di una vasta gamma di processi vegetali, tra cui la 

fotosintesi e la fotomorfogenesi, entrambi i quali influenzano in modo significativo la fitness 

delle piante. Se da oltre un secolo l'illuminazione artificiale ¯ stata utilizzata per promuovere la 

crescita e lo sviluppo delle piante nel settore orticolo, solo negli ultimi decenni la tecnologia 

dei Diodi ad Emissione Luminosa (LED) si ¯ affermata come strumento prezioso in agricoltura, 

rappresentando una soluzione pi½ sostenibile ed economicamente vantaggiosa in confronto ai 

sistemi di illuminazione convenzionali. Una comprensione pi½ approfondita dei meccanismi e 

delle strategie di adattamento impiegati dalle piante in risposta alla radiazione luminosa ¯ quindi 

cruciale per progredire nella conoscenza della fisiologia delle piante e della agricoltura. 

Come parte della mia ricerca di dottorato, ho studiato l'influenza dei sistemi di illuminazione 

artificiale a LED sulla crescita e sullo sviluppo di diverse specie vegetali, tra cui Lens culinaris 

Medik., Cucurbita pepo L. e Diplotaxis tenuifolia (L.) DC. Le risposte delle piante a diversi 

regimi di luce sono state analizzate sia a livello morfo-fisiologico che biomolecolare, con 

l'obiettivo di ottimizzare la qualit¨ e la quantit¨ dello spettro luminoso per migliorare la crescita 

e lo sviluppo delle piante. Inoltre, il progetto ha mirato a sviluppare ricette spettrali adatte alle 

applicazioni orticole in ambienti chiusi. 

Per il raggiungimento degli obiettivi del progetto di dottorato, sono state condotte diverse 

ricerche: 

(i) Studio dell'effetto di diverse intensit¨ e composizioni spettrali sulla crescita, sul contenuto 

di composti bioattivi, sul metabolismo antiossidante e sull'espressione genica in piantine di 

lenticchia (Lens culinaris Medik.). 

(ii) Studio dell'effetto di luci convenzionali a banda larga (ñWhiteò) e di luci LED a banda 

stretta (ñRedò, ñGreenò e ñBlueò) sulla germinazione e crescita di piantine di zucchino 

(Cucurbita pepo L. var. Alberello di Sarzana) destinate al trapianto presso lôazienda agricola 

Sapori di CasaÉ. 

(iii) Studio del contenuto fitochimico e della qualit¨ microbiologica della rucola selvatica 

(Diplotaxis tenuifolia (L.) DC), coltivata in idroponica (SS) o in suolo (SB), durante la 

conservazione post-raccolta a freddo sotto illuminazione a LED rossa, verde e blu. 

Parole chiave: diodi a emissione luminosa, spettro luminoso, industria orticola e agricola, intensit¨ luminosa, 

luce blu, luce rossa, luce verde, germinazione, crescita delle piantine, architettura delle piante, specie reattive 

dell'ossigeno (ROS), marcatori di stress ossidativo, enzimi antiossidanti, espressione genica, conservazione post-

raccolta, qualit¨ microbiologica, Lens culinaris, Cucurbita pepo, Diplotaxis tenuifolia.  
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INTRODUCTION 

The electromagnetic energy emitted by the Sun is an essential component for maintaining the 

equilibrium of the Earthôs ecosystem. All life on Earth has evolved according to the rotational 

movement of the planet around its axis and its orbit around the Sun, which provides energy to our 

biosphere. Throughout evolutionary history, solar radiation directly and indirectly influences 

various biological processes, including photosynthesis in plants and other autotrophic organisms, 

reproductive behaviour, and the growth and development of plants and animals. Light-energy 

conversion occurs in photosynthetic organisms, whose development and growth are affected by 

light, ensuring the best light environment for the optimum energy input into photosynthesis. 

Understanding the various strategies of light-plant interactions on the organismal, cellular, and 

molecular levels has always been of interest to the scientific community (Figure 1) and, to this 

day, remains a growing field of research that continues to evolve with the advancement of modern 

technologies. 

 

Figure 1 Frontispiece of The power of movement in plants (1896) by Charles Darwin. 

Higher Plant-Light interaction  

Light as an Energy Source and Environmental Signal 

Plants use light not solely as an energy source but also as an essential environmental signal that 

influences various physiological processes throughout their life cycle. Specific pigments and 

photoreceptors are employed to sense light changes. The spectral region of sunshine that fuels 

photosynthesis, ranging from 400 to 700 nm, is known as Photosynthetic Active Radiation (PAR). 
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However, plants respond to a broader spectrum, including wavelengths ranging from the ultraviolet 

(UV) (280ī400 nm) to the far-red (FR) (700ī800 nm), which contributes to governing the 

processes of photomorphogenesis.  

Hence, plants employ specific pigments and photoreceptors sensitive to different light wavelengths 

and irradiance levels to sense light changes. Of the different classes of pigments, chlorophylls and 

carotenoids are the most important for the photosynthesis process and the photoprotection and 

nutritional role, respectively [1]. Both blue and red light are absorbed by chlorophyll a (Chl a), 

which has absorption peaks at 430 and 665 nm, and chlorophyll b (Chl b), at 453 nm and 642 nm 

[2]. Photosynthetic efficiency is intricately tied to light quality, defined by the specific 

wavelengths, as well as the intensity of light. In fact, besides the absorption of pigments, the CO2 

assimilation rate depends on the intrinsic physical characteristics of light, that is to say, the energy 

content of the photon of a given wavelength. Thus, the chemical reaction that converts light energy 

into redox power varies with the variation of spectral composition and intensity [3]. This 

relationship emphasizes the crucial role of the light environment; different light qualities can 

modify not only growth metrics such as biomass and leaf area but also the metabolic pathways 

involved in the synthesis of essential compounds like chlorophyll and anthocyanins, which are 

pivotal for photosynthesis and photoprotection. 

Plants rely on specialized photoreceptors to detect different wavelengths of light and which serve 

to regulate a plethora of plant responses, ranging from growth to defence mechanisms. 

Phytochromes (PHYs), known as major red (R)/far-red (FR) light receptors; cryptochromes 

(CRYs), phototropins (PHOTs), and the ZTL/FKF1/LKP2 complex, which absorb blue (B) and 

ultraviolet A (UV-A) wavelengths; and the UV-B resistance locus 8 (UVR8), which is sensitive to 

ultraviolet B (UV-B) wavelengths [4-6]. 

Light quality (spectral composition), quantity (intensity), and duration (photoperiod) vary over 

time and space, influencing plant behaviour through short-term responses to diurnal cycles and 

long-term acclimatization to seasonal changes. Daily variation primarily influences plant short-

term responses. For example, the R:FR ratio remains stable throughout the day, regardless of cloud 

cover, but significantly decreases during twilight when the Sun is lower than 10Á above the horizon 

[7]. A lower R:FR ratio in the evening has been linked to the regulation of internode elongation in 

aspen, signalling the end of the active growing season [8]. Modifications in growth and 

physiological patterns change depending on seasonal shifts and geographic locations, such as 

altitude and latitude, from the equator to the northern and southern hemispheres. With higher 

elevations and latitudes, there is an increased proportion of blue light, PAR, and UV-B radiation. 
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In contrast, the ratio of red to far-red light (R:FR) tends to decrease at higher latitudes and during 

sunset [7]. 

The interaction between light and circadian rhythms is particularly noteworthy, as it enables plants 

to synchronize their physiological processes with the day-night cycle [9;10]. For example, the 

integration of light and circadian signals has been shown to regulate chloroplast transcription, 

highlighting the complexity of light-mediated signalling pathways [9]. Furthermore, the ability of 

plants to perceive changes in light quality, such as the shallowing by neighbouring vegetation, 

enables them to adapt their growth strategies to avoid shading, thereby enhancing their access to 

sunlight [11;12]. 

Moreover, the quality of light can have profound effects on specific metabolic pathways. For 

example, red and blue light have been found to influence the biosynthesis of chlorophyll and 

anthocyanins, which are critical for photosynthesis and photoprotection, respectively [13]. 

The role of light in plant stress responses is also significant. Under high-light conditions, plants 

activate protective mechanisms to mitigate potential damage. For instance, the UV-B 

photoreceptor UVR8 has been shown to initiate a signalling cascade that enhances the expression 

of nuclear genes involved in protecting chloroplast function [14;15]. Similarly, bamboo species 

exhibit physiological and biochemical adaptations in response to high light stress, demonstrating 

the importance of light in regulating plant resilience [16].  

Light as a Growth Regulator 

Plant morphology, physiology, and metabolism are strongly influenced by light conditions. Various 

light spectra regulate key processes such as adaptive responses (e.g., photomorphogenesis, 

phototropism, photosynthesis, and biomass accumulation) and developmental transition (e.g., 

germination, seedlings development, flowering and fruiting). The way by which light shapes plant 

growth is complex to reveal by the crosstalk between internal factors, like photoreceptors and 

phytohormone networks, and external factors, such as biotic and abiotic, and finally by species. 

For instance, blue light has been shown to enhance growth and phytochemical content in 

Rehmannia glutinosa cultured in vitro, while red light promotes stem elongation in various species, 

including sweet potato and chrysanthemum [17]. Additionally, light influences the coordination of 

root and shoot growth through modulation of auxin transport, as demonstrated in Arabidopsis [18]. 

The interplay between light and auxin signalling is crucial for regulating hypocotyl growth, where 

transcription factors such as indole-3-acetic acid (IAA3) and PHYTOCHROME INTERACTING 

FACTORs (PIF) proteins interact to optimize growth responses to light conditions [19]. In 

Arabidopsis, the Constitutive Photomorphogenic 1 (COP1) protein mediates the degradation of 
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transcription factors that regulate seedling development, highlighting the importance of light in 

controlling gene expression during photomorphogenesis [20]. Moreover, the dynamic balance 

between gene activation and repression is essential for plants to respond effectively to varying 

light environments [21]. The integration of light signalling with other environmental factors, such 

as nutrient availability, further complicates the regulatory mechanisms governing growth. For 

example, the shoot-root signalling in Arabidopsis involves the transcription factor ELONGATED 

HYPOCOTYL 5 (HY5), which coordinates the growth of shoots and roots in response to light and 

nutrient conditions [22]. This coordination is vital for optimizing resource acquisition and overall 

plant fitness. 

Light and Redox Homeostasis 

Reactive oxygen species (ROS) are involved in plenty of biological processes. In plants, they are 

signal molecules required for a range of basal processes such as growth and development, but also 

in responses to biotic and abiotic stresses [23]. The most important ROS are hydrogen peroxide 

(H2O2), superoxide radical (O2
Åī), hydroxyl radical (HOÅ), and singlet oxygen (1O

2). These 

molecules, however, are a double-edged sword due to their toxic effects. An uncontrolled 

overproduction causes direct oxidative damage to different biomolecules. To prevent the 

dangerous production of ROS, plants have developed a complex antioxidant system involving both 

enzymatic and non-enzymatic components to keep levels of these molecules below harmful 

concentrations [24]. Plants have an efficient enzymatic system, the most important of which are 

Superoxide Dismutase (SOD), Catalase (CAT), and Peroxidases (POX) [25]. Among the non-

enzymatic antioxidants, a key role is played by the ascorbate and glutathione coupling (AsA-GSH) 

and by other antioxidant molecules such as carotenoids and Ŭ-tocopherol, flavonoids, thioredoxins 

(TRXs), and peroxiredoxins (PRXs) [25].  

Light plays a crucial role in regulating redox homeostasis by influencing both ROS production and 

antioxidants, impacting stress responses and overall plant fitness. Photosynthetic electron transport 

is a major source of ROS in plants, primarily in chloroplasts. Moreover, light intensity, often 

measured in terms of Photosynthetic Photon Flux Density (PPFD), also impacts antioxidant 

enzyme activities. Higher light intensities can induce mild stress, leading to increased production 

of ROS, which in turn triggers the activation of antioxidant defence mechanisms. Under high light 

conditions, excessive excitation energy leads to the production of O2
Åī and H O [26]. An interplay 

between light signalling pathways and plant stress responses was revealed through genome-wide 

gene expression analysis. Among the high light-responsive genes, 77 were CRY1-dependent, and 

25 were HY5-dependent. Both cry1 and hy5 mutants showed a misregulation of EARLY LIGHT-
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INDUCIBLE PROTEIN 1 (ELIP1) and ELIP2, whose induction is mediated via CRY1 in a blue 

light intensity-dependent manner [27]. The activation of CRY1 has been associated with the 

formation of ROS. This suggests that CRY1 not only functions as a photoreceptor but also plays a 

pivotal role in managing oxidative stress, which is exacerbated under high light conditions [28]. 

Beyond photosynthesis, photoreceptors such as phytochromes and cryptochromes participate in 

redox regulation. Red and blue light perception influences the activity of key antioxidant enzymes, 

such as SOD and ascorbate peroxidase (APX), helping to mitigate oxidative stress [29]. Moreover, 

UV and high-intensity B light trigger specific responses that enhance flavonoid synthesis, 

contributing to ROS scavenging and photoprotection. Light quality and intensity also influence 

the biosynthesis of phenolic compounds, flavonoids, and carotenoids. Blue and UV light have been 

shown to upregulate phenylpropanoid pathways, enhancing these protective molecules' 

production. Ascorbate level and its oxidative state depend on the type of UV-B stress applied 

(severe, acute, or mild and chronic). Exposure to acute UV stress results in the net oxidation of 

ascorbate and the accumulation of monodehydroascorbate, an intermediate that results from the 

oxidation of ascorbate. In contrast, the ascorbate pool increases under chronic UV exposure 

conditions, reflecting the stress acclimation process [30-32]. 

Similar to light intensity, light quality may also affect ROS production through the effect of B, R, 

and FR light on ROS and antioxidants in a species-specific way. 

In leaves of Camptotheca acuminata seedlings, blue and yellow light, for instance, increased, 

whereas red light decreased the amount of H2O2, O2
Åī and malondialdehyde (MDA) accumulation 

compared to white light [33], similar to ramie (Boehmeria nivea L.) leaves [34]. Conversely, BL 

exposure lowered H2O2 accumulation drastically compared to white light, while R light enhanced 

its production in Chinese cabbage (Brassica campestris L.) and Arabidopsis, respectively [35;36].  

Light quality-dependent changes also modify antioxidant levels. Accordingly, under low red:blue 

light ratio (1:3) lettuce (Lactuca sativa L.), plants accumulated AsA [37]. In addition, in buckwheat 

(Fagopyrum esculentum L.), BL increased the amount of total phenolics and flavonoids and the 

activity of antioxidant enzymes compared to RL [38].  Interestingly, increased expression and 

activity of APX, CAT, SOD, and Glutathione Reductase (GR), as well as GSH content, were 

observed in cucumbers (Cucumis sativus L.) under B light triggering cadmium (Cd) stress 

tolerance, while R light showed the opposite effect, increasing the sensitivity [39]. These 

observations indicate that B light seems more effective than R light in the induction of the 

antioxidant system. 

In conclusion, the quality and quantity of light are critical factors influencing ROS production and 

antioxidant responses in higher plants. The modulation of light conditions can enhance the 
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synthesis of both enzymatic and non-enzymatic antioxidants, thereby improving plant resilience 

to oxidative stress. Future research should focus on elucidating the specific mechanisms through 

which different light spectra and intensities affect antioxidant pathways in various plant species, 

paving the way for optimized agricultural practices that enhance the nutritional quality of crops. 

Artificial Lighting in Research and Horticulture  

Over the past decades, humanity has faced several challenges in the environmental and agricultural 

fields, including the effects of climate change, soil desertification, and the need to enhance the 

quality of agricultural products in response to market demands [40;41]. Additionally, the recent 

COVID-19 pandemic has had a profound negative impact on human activities and, consequently, 

on the global economy, significantly affecting the agri-food supply chain [42]. The misalignment 

between food supply and demand has resulted in unquantifiable losses and food waste, 

undermining efforts to achieve some of the Sustainable Development Goals (SDGs) set forth in 

the 2030 Agenda, signed by the United Nations member states. The transition toward a healthy 

and eco-sustainable food production system requires not only the engagement of the scientific 

community, which is capable of providing new knowledge and designing innovative technologies, 

but also efficient data management and processing, as well as the dissemination of knowledge to 

the general population. In order to make food systems fair, healthy, and environmentally friendly, 

various strategies have been proposed. Among these, the European "Farm to Fork" (F2F) strategy 

[43] represents one of the most significant advancements in defining European food policies, with 

key objectives including reducing food waste, improving food safety and quality, and developing 

sustainable food production. The concept of sustainable agriculture is expanding in several areas, 

including the use of innovative technologies that can serve as support and improvement. In the 

vast array of technologies supporting this, Light Emitting Diode (LED) technology has increased 

in popularity as regards the use of additional light sources.  

Light Emitting Diode (LED) Technology: Applications and Potential Benefits 

Artificial light has been used in research and horticulture for plant growth for over a century.  In 

1868, the Russian botanist Andrei Famintsyn applied artificial light in plant and microalgae 

research [44]. The technologies for constructing the light sources were different, including 

fluorescent (FL), high-pressure mercury (HPM), high-pressure sodium (HPS), metal-halide lamps 

(MHL), and light-emitting diode (LED). LEDs have revolutionized the field of horticulture by 

offering precise control over light spectra, intensity, and photoperiod.  
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Compared to traditional lighting systems, LEDs offer several advantages over traditional light 

sources (Figure 2): higher energy efficiency; narrow spectral range (Ñ50 nm); significantly longer 

lifespan; reduced heat emission, thereby enabling close-range lighting, improving space 

utilization, and reducing cooling costs; customizability, allowing easy selection of accurate and 

precise characteristics; eco-friendly,  as they are free from hazardous materials like mercury and 

lead, thereby reducing environmental risks.  

LED lighting has become a cornerstone in Controlled-environment agriculture (CEA), including 

vertical farming, greenhouse production, and plant factories (Figure 2). Both for scientific research 

and horticulture, the possibility of customizing the light spectrum was a great opportunity. The use 

of monochromatic lights provided by LED (principally blue, green and red lights) represents a 

valid opportunity to (i) increase the proportion of the specific wavebands, increasing plant 

performance, (ii) study the plasticity of the photosynthetic apparatus under conditions of 

monochromatic light, improving knowledge in photosynthesis research, and (iii)  study metabolic 

pathways regulation by light, increasing understanding of secondary plant metabolism (iiii) 

increase crop resilience to environmental stresses [3]. Moreover, the use of LED lighting could 

prove to be a promising strategy for reducing food waste, thereby improving and revitalizing the 

entire food supply chain while lowering management costs.  

Recent studies have demonstrated that targeted spectral manipulation using LEDs can significantly 

impact the accumulation of beneficial compounds in plants. For instance, increased exposure to B 

light has been shown to enhance anthocyanin synthesis in leafy greens, thereby improving their 

nutritional and antioxidant properties [45]. Similarly, R and FR light treatments have been reported 

to boost carotenoid content in tomatoes, leading to improved fruit quality and market value [46]. 

One of the most significant advantages of LED technology is its ability to fine-tune light spectra 

and intensities to match the specific needs of different crop species and growth stages. In vertical 

farming systems, for example, multi-layered LED arrays allow for precise light distribution, 

optimizing space usage and ensuring uniform plant development. This has proven particularly 

beneficial for high-value crops such as leafy greens, herbs, and microgreens, where consistent 

quality and year-round production are essential [47]. 

Greenhouse growers have also adopted LED technology to supplement natural sunlight and extend 

photoperiods, particularly in regions with limited daylight hours. Studies have shown that 

integrating LED lighting with natural light can increase yield and accelerate flowering time in 

crops such as strawberries and cucumbers [46]. Beyond promoting plant growth and productivity, 

LED lighting has been increasingly studied for its role in enhancing crop resilience to abiotic 

stresses such as drought, salinity, and temperature fluctuations. Research suggests that specific 
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light treatments can modulate physiological and biochemical responses in plants, leading to 

improved stress tolerance [48]. For instance, B and UV-A light exposure has been found to 

upregulate antioxidant enzyme activity, thereby mitigating oxidative stress caused by high 

temperatures or water scarcity [48]. 

Additionally, LED lighting can contribute to resource efficiency in horticultural production. By 

optimizing light spectra and intensity, LEDs reduce energy consumption compared to conventional 

lighting systems. Studies have reported energy savings of up to 60% when switching from HPS to 

LED systems in commercial greenhouse operations [49]. Moreover, LED-driven photosynthesis 

optimization can lead to reduced water usage, as plants under well-regulated light conditions 

exhibit improved water-use efficiency [49]. 

As LED technology continues to evolve, future research is expected to focus on refining spectral 

recipes to maximize crop-specific benefits. Emerging technologies, such as tunable LED systems 

and dynamic lighting strategies, allow growers to adjust light spectra in real-time based on plant 

developmental stages and environmental conditions. This level of precision could further enhance 

crop performance and sustainability in modern horticultural practices. 

However, challenges remain in fully optimizing LED applications in horticulture. The high initial 

investment costs associated with LED installations can be a barrier for small-scale growers, despite 

long-term energy savings and productivity gains. Additionally, the complexity of spectral 

interactions and plant responses necessitates further research to develop standardized lighting 

protocols for different crop species [50]. 

The adoption of LED lighting in horticulture represents a transformative advancement in modern 

agriculture. By providing tailored light conditions, LEDs enable enhanced plant growth, improved 

nutritional quality, and increased stress resilience while simultaneously reducing energy and 

resource consumption. As research continues to refine spectral optimization strategies, LED 

technology will play an increasingly vital role in sustainable food production and global 

agricultural development. 
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Figure 2 Advantages, uses and positive outcomes of LEDs for plant growth and postharvest storage. Further 

details are given in the text. 

Effects of Red, Blue, and Green Light on Plant Growth and Physiology 

Among the various spectral components of light, red (600-700 nm), blue (400-500 nm), and green 

(500-600 nm) wavelengths play distinct roles in shaping plant morphology, photosynthesis, and 

secondary metabolism (Figure 3). Recent studies have provided insights into the specific effects 

of these light spectra, improving our understanding of how spectral manipulation can optimize 

plant productivity in controlled environments [51;52].  

Red light is primarily absorbed by chlorophyll a and b, making it highly effective in driving 

photosynthesis. Phytochrome photoreceptors (phyA and phyB) are responsible for perceiving R 

and FR light, modulating photomorphogenic responses such as seed germination and shade 

avoidance [53]. It is crucial for many stages of the ontogenetic cycle, regulating from seed 

germination, growth of stems, flowering, to fruiting. Several studies have shown that red light 

enhances leaf expansion and overall biomass accumulation. When used in combination with B 

light, R light can optimize photosynthetic efficiency by balancing chlorophyll content and stomatal 

regulation. Red light can stimulate cell division and expansion, leading to longer roots, elongated 

stems, and also larger leaf areas combined with reduced leaf thickness, which may be undesirable 

traits in some cultivation systems [54]. The interaction between R and FR light also influences 

shade avoidance responses, leading to alterations in leaf angle and internode elongation [55]. 

Blue light is essential for the regulation of phototropism, stomatal opening, and chlorophyll 

synthesis. Cryptochromes (cry1 and cry2) and phototropins are the primary B light receptors that 
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control developmental responses such as leaf expansion, inhibition of stem elongation, and 

enhanced chloroplast movement for optimal light capture [56]. Studies indicate that blue light 

enhances the production of secondary metabolites, including flavonoids and anthocyanins, which 

provide photoprotection and contribute to plant defense mechanisms. In addition, B light improves 

water use efficiency by regulating stomatal conductance. Compared to R light, B light tends to 

reduce cell elongation, resulting in compact and sturdy plant structures, which is particularly 

beneficial for indoor cultivation where excessive stretching can be problematic [57]. 

The complexity is increased by the fact that the answers also vary according to the "light recipeò 

used. Unlike red wavelengths, numerous studies have shown that the blue-inhibitory effect on stem 

and root growth and foliar area occurs by restraining cell division and extension growth [58]. 

However, this action is species-dependent and also varies according to the proportion in which the 

blue region is present in the spectrum and the intensity at which it is administered. For instance, 

elongation could be promoted as a shade avoidance response using sole source B light [59]. In 

tomato plant stem emolongation shown to be dependent on B light quantity [60].  

The combination of B and R light is widely used in horticultural applications, as it promotes 

balanced growth, optimal photosynthesis, and improved stress resilience. A higher proportion of 

B light has been associated with increased antioxidant activity, which can enhance the nutritional 

quality of edible plants [61]. 

Green (G) light has traditionally been considered less important for photosynthesis due to its lower 

absorption by chlorophyll. However, in this new photo-biology era, more attention has been paid 

to this spectrum region [62]. Recent research suggests that G light penetrates deeper into leaf 

tissues than R and B light, playing a crucial role in lower traits of the mesophyll palisade and 

whole-canopy photosynthesis [63]. Green light can modulate shade responses and influence leaf 

morphology by interacting with both R and B light signalling pathways, for example, via 

cryptochrome-dependent as well as cryptochrome-independent ways [64]. Additionally, G light 

can reduce stress responses in plants grown under artificial lighting conditions [65]. Reduction in 

H2O2 and MDA content related to increased SOD and APX activity was observed in tomato 

seedlings under drought conditions [66]. 

Studies have demonstrated that supplementing green light in controlled environments can enhance 

biomass production, particularly in multilayer plant systems where light penetration is critical [67].  

The effect of a wavelength is, therefore, not uniform but rather depends on the presence or absence 

of other components of the spectrum and on the chains of activated signalling pathways. The red 

region of radiation has an important role in ontogenetic development and transitions, the blue 

region is influential in vegetative development and can be used to promote growth when flowering 
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is not required [68], and the green region controls adaptive plasticity in changing environmental 

conditions.  

From what is currently available to our knowledge, it is clear that the plant-light interaction is a 

complex network of distinct and overlapping signalling pathways and that the knowledge acquired 

so far needs to be confirmed or reviewed. The LED technology in this context is a strong tool of 

science for the progress of understanding of mechanisms together with the application 

potentialities. 

In Controlled-environment agriculture, optimizing the spectral composition of artificial lighting is 

essential for maximizing plant productivity and quality. The combination of R and B light has been 

widely adopted in LED-based growth systems, as it provides a balance between photosynthetic 

efficiency and morphological control.  

By manipulating light spectra, researchers and growers can fine-tune plant growth strategies to 

achieve specific agronomic goals. For example, increasing B light proportions can enhance 

secondary metabolite production in medicinal and aromatic plants, while adjusting red-to-blue 

ratios can optimize biomass accumulation in leafy greens. Green light supplementation can be 

beneficial in multilayer cultivation systems to ensure uniform light distribution and prevent lower-

canopy shading [69]. 

The effects of red, blue, and green light on plant growth and physiology are complex and 

interconnected. While red light is a primary driver of photosynthesis and elongation, blue light 

plays a crucial role in stomatal regulation, secondary metabolism, and compact growth. Green 

light, though less studied, contributes to deeper canopy penetration, circadian regulation, and stress 

mitigation. Understanding these spectral influences enables the development of targeted lighting 

strategies for sustainable and efficient plant production in controlled environments. 
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Figure 3 A diagram showing the possible main effects of monochromatic red, blue, and green light and 

their combination on plant growth and development. Created in https://BioRender.com. 

 

Towards sustainable agriculture: the exchange between scientists and farmers 

The transition towards sustainable agriculture necessitates a dynamic and reciprocal exchange of 

knowledge between farmers and scientists. This bidirectional flow not only enriches scientific 

research with practical insights but also empowers farmers to implement innovative, ecologically 

practices. 

Historically, agricultural knowledge transfer followed a linear model, where information flowed 

unidirectionally from researchers to farmers. However, this approach often overlooked the rich, 

experiential knowledge that farmers possess about their local environments and cropping systems. 

Recognizing this, contemporary frameworks have shifted towards more integrative models that 

emphasize facilitation, participation, and social learning among multiple stakeholders [70].  

A study analyzing a collaborative pastoral farming experiment involving 17 farmers and five 

scientists revealed the strength of decentralized networks in facilitating knowledge exchange. The 

analysis highlighted the importance of prior contact and shared experiences in building robust 
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communication channels, underscoring the value of mutual learning in agricultural innovation 

[71].  

Incorporating farmers' informal knowledge and learning practices is crucial for constructing 

alternative pathways towards sustainable agriculture and enhancing agricultural resilience. The 

democratization of expertise in science and environmental studies has further emphasized the need 

for integrating diverse knowledge systems. This inclusive approach acknowledges the contested 

nature of knowledge and bridges the divide between expert and lay perspectives, fostering a more 

holistic understanding of agricultural systems [71]. In conclusion, promoting a bidirectional 

exchange of knowledge between farmers and scientists is pivotal for advancing sustainable 

agriculture. Such collaboration leverages the strengths of both scientific research and practical 

experience, leading to innovative solutions that are both effective and contextually relevant. 
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Abstract 

Light-emitting diodes are an attractive tool for improving the yield and quality of plant products. 

This study investigated the effect of different light intensity and spectral composition on the 

growth, bioactive compound content, and antioxidant metabolism of lentil (Lens culinaris Medik.) 

seedlings after 3 and 5 days of LED treatment. Two monochromatic light quality Ĭ three light 

intensity treatments were tested: red light (RL) and blue light (BL) at photosynthetic photon flux 

density (PPFD) of 100, 300, and 500 ɛmol mī2 sī1. Both light quality and intensity did not affect 

germination. At both harvest times, the length of seedling growth under BL appeared to decrease, 

while RL stimulated the growth with an average increase of 26.7% and 62% compared to BL and 

seedlings grown in the darkness (D). A significant blue light effect was detected on ascorbate 

reduced form, with an average increase of 35% and 50% compared to RL-grown plantlets in the 

two days of harvesting, respectively. The content of chlorophyll and carotenoids largely varied 

according to the wavelength and intensity applied and the age of the seedlings. Lipid peroxidation 

increased with increasing light intensity in both treatments, and a strong H2O2 formation occurred 

in BL. These results suggest that red light can promote the elongation of lentil seedlings, while 

blue light enhances the bioactive compounds and the antioxidant responses.  

Keywords: Lens culinaris Medik.; monochromatic LED light; light intensity; ascorbic acid; 

photosynthetic pigments; phenols; antioxidant enzymes; biometric parameters 

 

 

Schematic representation of the experimental design. 
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1.1 Introduction 

The interest in fresh sprout products has been increasing over the last two decades among health-

conscious consumers due to their outstanding source of nutrients and content of beneficial 

secondary metabolites such as glucosinolates, phenols, and vitamins [1]. Sprouts are harvested 

shortly after germination when various physiological and biochemical processes occur, including 

the transformation of macromolecules into more digestible components, such as oligosaccharides, 

free amino acids, and organic acids, and the increase in bioactive compounds, antioxidant capacity, 

and mineral bioavailability [1,2]. Several studies showed that the growth of hypocotyls, the 

phytochemical compound content, and the antioxidant capacity of sprouts are generally affected 

by environmental and genetic factors, among which light can play a crucial role [2]. Although 

sprouting usually occurs in the darkness, an increasing number of studies have revealed that 

artificial light sources could enhance the nutritional value of these foodstuffs [3ï7].  

Light can determine different responses in plants, modulating photosynthesis, seed germination, 

and plant development during the ontogenetic cycle [8,9]. These responses are mediated by 

specific reception and signalling systems, including photoreceptors and pigments that can capture 

different light wavelengths and irradiance levels. The photoreceptors are divided into 

phytochromes, which are known as primary red/far-red light receptors; cryptochromes, 

phototropin, and the ZTL/FKF1/LKP2 complex, which absorb blue and UV-A wavelengths; UV-

B resistance locus 8 is sensitive to UV-B wavelengths [8,10,11]. The chlorophyll and carotenoid 

pigments are involved in the photosynthetic processes and photoprotection, respectively [12,13]. 

In the last two decades, several studies focused on the interaction between light and metabolic 

pathways in plants. Due to such implications, different artificial light sources have commonly been 

used [11,14].  

Nowadays, LED technology has gained significant popularity, and its application has increased 

due to the many advantages compared to other conventional light sources, such as fluorescent, 

high-pressure mercury, high-pressure sodium, and metal-halide lamps [11]. LEDs show unique 

and flexible spectral use in terms of wavelengths and intensities, as well as high-energy efficiency, 

lower operational cost, low radiant heat, and longer lifespan [14]. Moreover, the narrow-waveband 

spectra emission provided by LED, and the opportunity to regulate light intensity according to the 

horticulture S640 metric standards published by the American Society of Agricultural and 

Biological Engineers [ASABE, 2017] may allow for a deeper evaluation of the effect of light on 

plant growth and development and better definition of species-specific light recipes.  



32 

 

Currently, blue and red lights are widely used in horticulture to investigate plant responses to light, 

highlighting species-specific responses [15ï19].  

Molecular and physiological studies showed that red light enhances photosynthesis and vegetative 

growth, even though prolonged monochromatic red light may cause the so-called ñred light 

syndromeò characterized by leaf curling and decreased photosynthetic capacity, leaf thickness, and 

leaf pigmentation [20]. On the other hand, monochromatic blue light may increase the hypocotyl 

length and chlorophyll content of several plant species, including buckwheat [21], eggplant [16], 

cherry tomato [17], and different species of the genus Brassica [18]. Furthermore, intensity could 

play a pivotal role in the regulation of the photosynthetic process and plant development. Recently, 

Johnson et al. [22] have demonstrated that blue light promoted the hypocotyl elongation of arugula 

at various PPFD levels (from 20 up to 650 ɛmol mī2 sī1), even though promotion decreased with 

increased PPFD levels. On the contrary, the promotion effect of pure blue light on mustard was 

only detected at higher PPFD levels.  

Establishing whether light intensity may have a more relevant role than light quality on plant 

growth and development, and how these effects may vary among species and even cultivars, is 

still challenging. Moreover, few studies so far have investigated the effect of light quantity and 

quality on biochemical composition and antioxidant activities [3,23,24]. 

Based on the above information, the aim of this study was to explore the effect of pure blue and 

red light at different intensities on the growth, the content of some bioactive compounds, and the 

antioxidant capacities of lentil seedlings.  

Pro-health products, such as legumes, are commonly used for sprouting and microgreen production 

due to their high nutritional value and abundance of minerals, bioactive compounds, and 

antioxidants (e.g., phenolics and vitamins) [25]. Biometric (fresh and dry weight, root and shoot 

length) and biochemical parameters (phenols, chlorophylls, carotenoids, ascorbate, antioxidant 

enzymes, and oxidative stress markers) have been investigated. 

1.2 Materials and Methods 

1.2.1 Plant Material and Growth Conditions 

Lentil (Lens culinaris Medik.) seeds were selected as experimental material and were purchased 

from the commercial source Alce Nero S.p.A. (Bologna, Italy). Seeds (30 g) were surface sterilized 

in 0.5% (v/v) sodium hypochlorite solution for 5 min, rinsed in distilled water (dH2O) until wash 

water reached pH 7, and soaked in dH2O for three hours via gentle mechanical agitation allowing 

for gas exchange. All actions were performed far from direct light sources. The seeds were evenly 
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spread on the grid plate of seed-sprouting trays (32.5 Ĭ 24.5 Ĭ 4.5 cm, length Ĭ width Ĭ height) 

filled with only distilled water. Trays were then transferred to a walk-in growth chamber for 

germination and growth. The chamber was equipped with two light-emitting diode (LED) bar 

lamps for light treatments. Lentil seeds were germinated and grown in darkness (D) and under 

continuous red (RL) and blue (BL) LED light up to five days after sowing. During the experiment, 

the day and night temperature was 24 Ñ 1 ÁC and the relative humidity was 55ï60%. Seedlings 

were harvested at 3 and 5 days after sowing (DAS). Ten seedlings per treatment were randomly 

collected and used for biometrical measurements. Batches of about 0.5 g seedlings were collected, 

put in a foil paper bag, immediately frozen in liquid nitrogen, and stored at ī80 ÁC for biochemical 

analysis. 

1.2.2 Light Treatments 

Lentil seeds were germinated and grown under continuous light provided by two monochromatic 

LED lights at three photosynthetic photon flux densities (PPFD) of 100, 300, and 500 ɛmol mī2 

sī1 in continuous darkness. The light wavelength peaks were 470 nm (Blue LED) and 630 nm (Red 

LED) and were provided by LED AE80 lamps (Ambra Elettronica S.r.l., Vicenza, Italy). The PPFD 

for each light source was measured with a photo radiometer, Model HD2302.0 (Delta OHM S.r.l., 

Padova, Italy). 

1.2.3 Biometric Measurements 

Ten seedlings per treatment were collected and used to determine the fresh weight (FW) and the 

dry weight (DW) using an electronic analytical balance. After FW determination, samples were 

dried at 75 Ñ 2 ÁC in an oven until a constant weight was reached (~48 h) to obtain the DW. Dry 

matter content (DM) was obtained by calculating the ratio between DW and FW expressed as a 

percentage (%). For total, aerial part and root length determination, ten seedlings randomly 

sampled were analyzed using ImageJ software 1.53v. 

1.2.4 Chlorophyll and Carotenoid Contents 

The chlorophyll and carotenoid contents were determined according to Lichtenthaler [12] with 

some modifications. In detail, 0.5 g of each sample was ground with 8 mL of absolute acetone and 

centrifuged at 20,000Ĭ g for 15 min. The absorbance of the supernatant was spectrophotometrically 

measured at 645 nm for chlorophyll a, 662 nm for chlorophyll b, and 470 nm for carotenoids. 

Chlorophyll (a, b, and a + b) and carotenoid contents were calculated using the following 

equations:  
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Chl a (ɛg/mL) = 11.24 OD662 ī 2.04 OD645 

Chl b (ɛg/mL) = 20.13 OD645 ī 4.19 OD662 

Chls (a + b) (ɛg/mL) = 7.05 OD662 + 18.09 OD645 

Car (ɛg/mL) = (1000 OD470 ī 1.90 Chl a ī 63.14 Chl b)/214 

The calculated value was expressed as ɛg/g DW. 

1.2.5 Total Phenols 

Total phenols were determined using the FolinïCiocalteu method, as previously described by 

Villani et al. [26]. Phenols content was measured by homogenizing 0.5 g of plant material with 

80% ethanol solution in a 1:8 weight/volume ratio. The homogenate was centrifuged at 7000Ĭ g 

for 10 min, and 0.05 mL of supernatant was mixed with 0.95 mL of dH2O and 0.05 mL of a 1:1 

water diluted FolinïCiocalteu reagent. After 3 min, 100 mL of a 0.1 M NaOH solution containing 

20% (w/v) Na2CO3 was added, and the mixture was incubated at 25 ÁC for 90 min in darkness. 

The absorbance was spectrophotometrically measured at 760 nm. Total phenols were expressed as 

mg of gallic acid equivalent (GAE) on dry weight (g DW). 

1.2.6 Ascorbate Pool 

For ascorbate (AsA) and dehydroascorbate (DHA) content determination, 0.5 g of plant material 

was homogenized with four volumes of cold 5% (w/v) metaphosphoric acid and centrifuged at 

20,000Ĭ g for 15 min. The resulting supernatant was analyzed to assay AsA, DHA, and total AsA 

(AsA + DHA) according to Paciolla et al. [27]. 

1.2.7 Hydrogen Peroxide and Lipid Peroxidation Determination 

Hydrogen peroxide (H2O2) content was evaluated according to the method described by Singh et 

al. [28] with some modifications. The samples (0.5 g) were homogenized with four volumes of 

0.1% (w/v) trichloroacetic acid (TCA) and centrifuged at 12,000Ĭ g for 15 min at 4 ÁC. A total of 

0.5 mL of supernatant was added to 0.5 mL of 10 mM potassiumphosphate buffer (pH 7.0) and 1 

mL of 1 M potassium iodide and incubated for 1 h in the dark at 25 ÁC. The absorbance was 

measured spectrophotometrically at 390 nm. Lipid peroxidation was assessed in terms of 

malondialdehyde (MDA) content by measuring the TBAïMDA complex, as described by Zhang 

and Kirkham [29]. Plant material (0.5 g) was ground with four volumes of 0.1% (w/v) TCA. The 

homogenate was centrifuged at 12,000Ĭ g for 10 min at 4 ÁC. One mL of the supernatant was 

mixed with 1 mL of 20% TCA containing 0.5% (w/v) TBA (thiobarbituric acid). The mixture was 
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heated at 90 ÁC for 30 min, quickly cooled in an ice bath, and then centrifuged at 12,000Ĭ g for 10 

min. The absorbance was spectrophotometrically measured at 532 nm. The obtained absorbance 

was corrected by subtracting the unspecific value at 600 nm. An extinction coefficient of 155 mMī1 

cmī1 was used to calculate the MDA concentration. 

1.2.8 Soluble Protein and Enzyme Activity Assay 

Samples (0.5 g) were ground with four volumes of a 50 mM TrisïHCl buffer, pH 8 containing 0.3 

M mannitol, 1 mM EDTA, and 0.05% (w/v) cysteine. The homogenate was centrifuged at 20,000Ĭ 

g for 20 min at 4 ÁC. The supernatant was used for spectrophotometric analysis of the total proteins 

and enzymatic activities. The total protein content of samples was measured with bovine serum 

albumin as the standard, according to Bradford [30]. The enzymatic spectrophotometric assays for 

the determination of CAT (EC 1.11.1.6) and POD (EC 1.11.1.7) were performed according to the 

method described by Paciolla and colleagues [27] with slight modifications. Catalase activity assay 

was evaluated by following H2O2 dismutation at 240 nm in a reaction mixture containing 50 ɛg of 

total proteins, 0.1 M phosphate buffer, pH 7.0, and 0.88 ɛM H2O2. Peroxidase activity was 

measured using 4-methoxy-1-naphthol (4-MN) as substrate. The reaction mixture contained 50 ɛg 

of total proteins, 0.1 M Tris Acetate buffer, pH 5.0, 0.1 M 4-MN, and 10 mM H2O2 in a total 

volume of 1 mL. The decrease in absorbance due to the oxidation of 4-MN was measured at 593 

nm. 

1.2.9 Statistical Analysis 

Three independent biological replicates were performed for all experiments. For the investigated 

analyses, means and standard deviations (ÑSD) are shown. The ShapiroïWilk test was run to verify 

the normality of data distribution. Then, the parametric test Analysis of Variances (one-way 

ANOVA), followed by Tukeyôs post hoc test, was used to compare the different illumination 

conditions using Minitab software (version 18, Minitab Inc., State College, PA, USA). Differences 

were considered statistically significant at a p-value Ò 0.05. 

1.3 Results 

1.3.1 Effect of Light on Biometric Parameters 

The effect of different light qualities and intensities on the root, aerial part, and total length of the 

seedlings are shown in Figure 1.1 and Table 1.1 Lentil seedling lengths were higher under RL 



36 

 

treatment on both days, stimulating the growth with an average increase of 26.7% and 62% 

compared to D and BL. BL showed the lowest values. 

Overall, the different PPFD values (100, 300, and 500 Õmol mī2 sī1) of the same monochromatic 

LED light did not affect seedling growth. At 3 DAS, the aerial part/root ratio of seedlings grown 

under BL showed the highest value. This trend was the opposite at 5 DAS, where the value was 

higher under RL treatment. At both harvest days, the highest FW values were detected in seedlings 

grown under RL, compared with those grown under BL and D conditions. No significative effect 

of light intensity was observed for each wavelength. No significant difference in DM was observed 

between seedlings grown in D and BL, and the lowest values were reached in RL300 and RL500 

treatments. 

 

Figure 1.1 Effects of LED lights and darkness on the growth of lentil seedlings. Seedlings grown in 

darkness (D), blue LED light (BL), and red LED light (RL) at 3 and 5 days after sowing (DAS) with light 

intensities of 100 (a), 300 (b), and 500 (c) Õmol mī2 sī1. 

Table 1.1 Biometric parameters of lentil seedlings at 3 and 5 days after sowing (DAS) grown under red 

(RL) or blue (BL) LED at three different PPFD levels (100, 300, and 500 Õmol mī2 sī1) and in the darkness 

(D). 

DAS 
LED 

Light 
PPFD  

Parameters 

Aerial Part 

Length (cm) 

Root Length 

(cm) 

Total Length 

(cm) 

Aerial 

Part/Root 

Length 

FW 

(mg) 

DM 

(%) 

 Dark 0 1.61 Ñ 0.38 b 3.48 Ñ 0.77 c 5.00 Ñ 1.17 b 0.454 Ñ 0.081 cd 100 Ñ 19 b 26.8 Ñ 2.8 a 

3 

Blue 

100 1.06 Ñ 0.22 d 1.59 Ñ 0.41 e 2.60 Ñ 0.48 d 0.701 Ñ 0.212 b 93 Ñ 19 b 25.9 Ñ 3.2 ab 

300 1.26 Ñ 0.19 cd 2.62 Ñ 0.88 d 3.92 Ñ 1.11 c 0.524 Ñ 0.173 c 93 Ñ 19 b 27.8 Ñ 2.5 a 

500 1.15 Ñ 0.12 d 1.27 Ñ 0.27 e 2.42 Ñ 0.41 d 0.927 Ñ 0.151 a 92 Ñ 17 b 26.3 Ñ 2.8 ab 

Red 

100 1.50 Ñ 0.18 bc 4.01 Ñ 0.44 b 5.47 Ñ 0.60 b 0.377 Ñ 0.053 d 97 Ñ 19 b 23.8 Ñ 1.7 bc 

300 1.91 Ñ 0.37 a 5.08 Ñ 0.54 a 7.02 Ñ 0.73 a 0.388 Ñ 0.078 d 104 Ñ 25 ab 24.3 Ñ 2.4 bc 

500 2.09 Ñ 0.26 a 5.24 Ñ 0.88 a 7.33 Ñ 1.01 a 0.385 Ñ 0.061 d 117 Ñ 23 a 21.7 Ñ 1.9 c 

 Dark 0 3.16 Ñ 0.76 b 6.69 Ñ 1.66 bc 10.12 Ñ 2.39 b 0.587 Ñ 0.152 b 123 Ñ 14 b 18.7 Ñ 2.7 a 

5 

Blue 

100 2.57 Ñ 0.58 bc 5.95 Ñ 0.95 cd 8.60 Ñ 1.30 c 0.444 Ñ 0.081 c 118 Ñ 19 b 19.0 Ñ 2.2 a 

300 2.03 Ñ 0.12 c 5.93 Ñ 1.06 cd 8.01 Ñ 1.12 c 0.384 Ñ 0.069 c 115 Ñ 17 b 18.7 Ñ 2.0 a 

500 1.94 Ñ 0.40 c 5.28 Ñ 1.16 d 7.26 Ñ 1.45 c 0.415 Ñ 0.114 c 121 Ñ 20 b 19.0 Ñ 1.2 a 

Red 

100 5.35 Ñ 0.93 a 7.92 Ñ 1.04 a 13.27 Ñ 1.38 a 0.678 Ñ 0.145 ab 145 Ñ 20 a 17.7 Ñ 1.6 a 

300 5.50 Ñ 1.16 a 7.25 Ñ 0.77 ab 12.42 Ñ 1.47 a 0.770 Ñ 0.182 a 142 Ñ 23 a 15.2 Ñ 2.2 b 

500 4.99 Ñ 0.72 a 7.89 Ñ 1.04 a 12.75 Ñ 0.92 a 0.757 Ñ 0.192 a 145 Ñ 25 a 13.0 Ñ 1.7 b 

Data are means Ñ SD (n = 6). Different letters indicate the significant difference by Tukeyôs test (p < 0.05) 

on the same day under different treatment conditions (BL, RL, and D). FW: fresh weight. DM: dry matter. 
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1.3.2 Chlorophylls and Carotenoid Content 

At 3 DAS, the highest values for Chl a, Chl b, and total Chls were obtained at 100 and 500 PPFD 

in both wavelengths, while the lowest values were observed at 300 Õmol mī2 sī1 (Table 1.2). No 

significant difference was found between BL and RL within the same intensity treatments. The 

content of carotenoids reached the highest value at 100 and 500 Õmol mī2 sī1 in both light 

treatments. At 5 DAS, higher levels of Chl a, Chl b, total Chls, and Car were observed under the 

RL300. Interestingly, a decrease in all pigments occurred in BL with increasing light intensity. No 

significant differences were reported in the Chl a:b ratio between light-intensity treatments of the 

same light-quality treatment (Table 1.2). 

Table 1.2 Photosynthetic pigment content of lentil seedlings at 3 and 5 days after sowing (DAS) grown 

with red (RL) or blue (BL) LED at three different PPFD levels (100, 300, and 500 Õmol mī2 sī1) in the 

darkness (D). 

DAS 
LED  

Light 
PPFD 

Photosynthetic Pigment Content (mg gī1 DW)  

Chlorophyll a Chlorophyll b 
Total  

Chlorophyll 
Carotenoids Chl a:b 

3 

BLUE 

100 82.4 Ñ 9.3 a 33.7 Ñ 5.6 a  116.2 Ñ 14.5 a 47.9 Ñ 3.7 a 2.46 Ñ 0.20 c 

300 54.7 Ñ 8.2 b 21.6 Ñ 4.1 c 76.3 Ñ 12.3 b 26.5 Ñ 1.2 c 2.54 Ñ 0.11 bc 

500 90.4 Ñ 6.0 a 33.8 Ñ 4.5 a 124.1 Ñ 10.4 a 45.4 Ñ 2.9 a 2.69 Ñ 0.17 abc 

RED 

100 84.1 Ñ 5.3 a 29.2 Ñ 4.1 ab 113.3 Ñ 9.4 a 39.0 Ñ 0.2 b 2.91 Ñ 0.24 a 

300 64.1 Ñ 4.5 b 22.3 Ñ 2.4 bc 86.4 Ñ 6.3 b 29.9 Ñ 1.9 c 2.88 Ñ 0.27 ab 

500 81.6 Ñ 2.4 a 31.2 Ñ 2.8 a 112.9 Ñ 4.9 a 39.6 Ñ 1.3 b 2.61 Ñ 0.17 abc 

5 

BLUE 

100 530.6 Ñ 11.3 b 155.2 Ñ 16.1 c 685.8 Ñ 26.3 b  185.3 Ñ 8.8 b 3.44 Ñ 0.31 a 

300 439.1 Ñ 42.5 c 133.5 Ñ 10.7 c 572.6 Ñ 52.7 c 160.9 Ñ 5.7 c 3.28 Ñ 0.11 ab 

500 323.3 Ñ 40.4 d 102.8 Ñ 9.4 d 426.1 Ñ 47.7 d 131.5 Ñ 11.7 d 3.14 Ñ 0.27 abc 

RED 

100 421.8 Ñ 36.2 c 140.1 Ñ 28.4 c 561.9 Ñ 64.4 c 138.3 Ñ 4.7 d 3.08 Ñ 0.43 abc 

300 6316 Ñ 46.7 a 222.9 Ñ 18.0 a  854.5 Ñ 54.5 a 206.7 Ñ 1.7 a 2.84 Ñ 0.24 bc 

500 518.0 Ñ 50.2 b 188.6 Ñ 16.4 b 706.6 Ñ 60.9 b 189.9 Ñ 15.4 b 2.76 Ñ 0.24 c 

Data are means Ñ SD (n = 4). Different letters indicate the significant difference by Tukeyôs test (p < 0.05) 

on the same day under different treatment conditions (BL, RL, and D). 

1.3.3 Changes in Phenol Content 

The effect of LED light spectra and intensity on the total phenolic content in lentil seedlings is 

shown in Figure 1.2. Lentil seedlings treated with RL500 contained less phenols than those grown 

in darkness and under other light conditions. The highest content of phenols was observed at 300 

Õmol mī2 sī1 on the second harvesting day under BL.  

No significant differences between BL and RL at 100 and 300 PPFD (at 3 DAS) and 100 and 500 

PPFD (at 5 DAS) were detected. Overall, we observed that when growing, while the phenols 

increase, the dry matter content percentage decreases, with a slight negative correlation. 
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Figure 1.2 Total phenolic content at 3 (A) and 5 (B) days after sowing (DAS) of lentil seedlings grown in 

darkness and under blue or red LED at levels of PPFD of 100, 300, and 500 Õmol mī2 sī1. The values are 

expressed as mean Ñ SD (n = 4). According to Tukeyôs test, the same letters indicate non-significant 

differences among treatments (p Ò 0.05). 

1.3.4 Changes in Ascorbate Pool 

The changes in AsA and DHA after LED light treatments are shown in Figure 1.3.  
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Figure 1.3 Ascorbate (AsA) and dehydroascorbate (DHA) content and AsA/AsA + DHA ratio at 3 (A,C) 

and 5 (B,D) days after sowing (DAS) of lentil seedlings grown under blue or red LED or in the darkness. 

AsA content in darkness (), blue LED light (), and red LED light (). DHA content in darkness (), blue 

LED light (), and red LED light (). The values are expressed as mean ± SD (n = 4). According to Tukeyôs 

test, the same letters indicate non-significant differences among treatments (p  ֒0.05). In (A) and (B), Latin 

letters are used for the statistical analysis performed on AsA content, and Greek letters refer to the one run 

on DHA content. 

Lentil seedlings exposed to light showed higher AsA content compared to the darkness. A 

significant BL effect was detected on ascorbate reduced form, with an average increase of 35% 
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and 50% compared to RL-grown plantlets in the two days of harvesting, respectively. The highest 

levels were observed at 300 and 500 Õmol mī2 sī1 at both harvest times with higher values at 3 

than 5 days and with no significative difference in AsA content at the two different light intensities. 

DHA content at 3 DAS did not significantly change among the treatments compared to the D, 

except in the RL300 treatment, which showed a lower value. At 5 DAS, the DHA content increased 

with increasing intensity levels. The ascorbate redox ratio (AsA/AsA + DHA) was higher under 

light treatments than in darkness (Figure 1.3 C,D). Generally, no significant differences were 

observed between BL and RL according to the same light intensity. 

1.3.5 Light Influence on H2O2 and Lipid Peroxidation Levels 

The H2O2 content significantly increased in the seedlings grown under the LED light treatments 

compared to the D (Figure 1.4 A,B). Seedlings grown under BL had a significantly higher content 

of H2O2 than those grown under RL. An increase in the content of H2O2 was measured with 

increasing light intensity. The highest values were reached under BL500 at 3 DAS and under 

BL300 at 5 DAS. 
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Figure 1.4 Levels of hydrogen peroxide (A,B) and lipid peroxidation (C,D) of lentil seedlings grown in 

darkness and under blue or red LED at levels of PPFD of 100, 300, and 500 Õmol mī2 sī1 at 3 and 5 days 

after sowing (DAS). The values are expressed as mean Ñ SD (n = 4). According to Tukeyôs test, the same 

letters indicate non-significant differences among treatments (p Ò 0.05). 

The levels of lipid peroxidation are shown in Figure 1.4 C,D. At 3 DAS, under BL and RL 

treatments, MDA content was similar and it was observed to increase with increasing light 
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intensity. Moreover, at 300 and 500 PPFD, MDA content was higher in the samples grown under 

LED lights compared to the darkness condition. Similarly, at 5 DAS, light treatments showed 

higher MDA content compared to the D, with RL showing a higher value than the BL treatments, 

at all tested light-intensity conditions 

1.3.6 Antioxidant Enzymes Activity 

The activities of the antioxidant enzymes POD and CAT are shown in Figure 1.5. Three days after 

sowing, the 300 Õmol mī2 sī1 treatment caused a significant decrease in the activity of both 

enzymes compared to the dark and other intensity treatments. At 500 Õmol mī2 sī1, the activity of 

these two enzymes varied significantly according to the wavelength, increasing in BL-exposed 

seedlings. Generally, at 100 Õmol mī2 sī1, the activity reached comparable values between the two 

light treatments. Five days after sowing, POD activity in RL treatments significantly decreased at 

300 and 500 PPFD compared to the BL treatments and its activity was comparable to the dark 

condition. Under BL treatments, a significant rise occurred in all tested conditions. The CAT 

activity was higher under BL treatment at 300 PPFD compared to the other treatments. At 500 

PPFD, CAT activity was comparable to the D, and the lowest level was observed under RL 

treatment. 
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Figure 1.5 Enzyme activity of peroxidase (POD) and catalase (CAT) in seedlings treated with blue and red 

LED light at three PPFD levels (100, 300, and 500 Õmol mī2 sī1) in the darkness, at 3 and 5 days after 

sowing (DAS). The values are expressed as mean Ñ SD (n = 4). According to Tukeyôs test, the same letters 

indicate non-significant differences among treatments (p Ò 0.05). 
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1.4 Discussion 

The LED lighting system, characterized by relatively narrow-band spectra, allows the use of 

monochromatic light to achieve a better understanding of plantïlight interaction. As optimal light 

conditions change among plants, such knowledge might help develop species-specific ñlight 

recipesò for agricultural production, especially in controlled environments, to optimise plant 

growth, development, defence mechanism, nutritional quality, and yield horticultural benefits. 

Therefore, in the present study, the influence of spectral composition and intensity on the 

development, bioactive compounds content, and cell redox state in Lens culinaris was investigated. 

Our data underlined that light quality and intensity differently influenced the tested morphological 

and biochemical parameters in lentil seedlings. In particular, our experimental picture allowed us 

to evaluate the response of lentil seedlings to red and blue monochromatic LED light conditions 

in the transition from seed to seedling and early development. 

The morphophysiological traits of L. culinaris seedlings varied in response to light quality and 

quantity. RL promoted epicotyl elongation, even though in the etiolated plants, generally, the 

elongation is more significant than in light-grown plants. In RL treatment, the dry matter content 

was lower compared to BL and D, and the RL-grown plantlets showed longer shoot and root, with 

an average increase in seedling length of 26.7% and 62% compared to D and BL, suggesting a 

shade avoidance syndrome-like phenotype (SAS) [31]. Low total light intensity and light quality 

(spectral composition) are responsible for SAS. Although the main signal to trigger shadow 

avoidance mechanisms is considered a low red-to-far-red light ratio, reduced blue light can also 

trigger SAS [32,33]. The phenotype observed under red light could be given, not so much by a 

direct effect of this wavelength on the elongation of the root and aerial part as by the completely 

missing blue light. Also, light intensities applied in this study may be perceived as limiting light 

conditions and trigger a SAS-like phenotype through the involvement of phytochromes, whose 

role deserves further investigation. 

Relative to fresh weight only with RL, an increase is observed. This increase, however, was not 

determined by a rise in protein content, sugars, fibres, and other macronutrients but rather by the 

water content augmenting, as supported by the highest dry matter loss found in the samples grown 

under RL. Fast growth and increased water content in seedlings may indicate an influence of red 

light on the water uptake and activation of the metabolic system, which results in higher growth 

by the cell elongation and consumption of storage nutrients. 

Compared to blue light, for which a promoter effect was observed, red light exerts a minor effect 

on enzymatic antioxidants. Relative to RL, the significant increase in MDA level at 5 DAS can be 
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explained by the persisting H2O2 level and the lower AsA content and POD and CAT enzyme 

activity. This might cause lipid membrane peroxidation, which increases the cellôs oxidative status. 

However, no visible symptom of suffering in the shoots was observed in the seedlings grown under 

RL (Figure 1). 

At 3 DAS, in RL, the root was longer, showing that this monochromatic light promotes the 

development of root apparatus. At 5 DAS, under RL treatment, the root growth rate was lower than 

the aerial part, as confirmed by the increase in aerial part/root ratio. Indeed, the appearance of the 

first leaves photosynthesizing and increasing photosynthetic pigments, photosynthetic efficiency, 

and sugar production balanced the growth processes of the whole plant. On the other hand, the 

lower aerial part/root ratio observed at 5 DAS under BL treatment suggests that this light 

wavelength has an inhibitory effect on plant growth. 

A blue light-promoting effect was observed on most of the analyzed biochemical parameters 

compared to darkness and red light. BL induced a higher increase in enzymatic activities, 

ascorbate, and H2O2 contents. Regarding the H2O2-utilizing enzymes, CAT and POD were 

differently modulated by light quality and quantity. The activity of these enzymes significantly 

increased in BL (higher at 3 DAS), suggesting that the steady-state level of H2O2 was monitored 

during lighting time. It is known that H2O2 at low concentrations (plants can tolerate up to 102 - 2 

Ĭ 105 ÕM) plays a key role in regulating plant growth, development, resistance responses, and 

signal transduction [34,35]. In addition, the higher AsA content observed in BL efficiently 

contributed to maintaining non-toxic levels in cells [36,37]. Indeed, AsA is utilized as a specific 

electron donor to reduce H2O2 into H2O in the reaction catalyzed by ascorbate peroxidase enzyme 

[38]. 

On the other hand, it is known that light stimulates ascorbate accumulation in plants, modulating 

the expression of genes involved in the ascorbate biosynthesis pathway, such as the key enzyme 

GDP-L-galactose phosphorylase (GGP) [39]. However, the mechanisms by which light influences 

ascorbic biosynthesis are still poorly understood. Recently, Bournonville et al. [40] showed that 

BL can affect the ascorbate biosynthesis by inactivating the PAS/LOV photoreceptor, which acts 

as a negative regulator of ascorbate biosynthesis by inhibiting the GGP. In this respect, the higher 

content of AsA in lentil seedlings grown under BL strongly suggests the positive role of BL in 

promoting the production of this antioxidant metabolite. The higher AsA content positively 

affected the cell redox state of AsA (AsA/AsA + DHA), which helps maintain the cell redox 

imbalance. 

In the literature, it is reported that BL and high RL/BL ratio are positively correlated with 

carotenoid and chlorophyll content [41,42]. Besides light quality, the irradiance of light treatment 
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appeared important for photosynthetic pigments. We observed that photosynthetic pigments 

content largely depended on the intensity applied, and no exclusive effect emerged between light 

qualities. This trend suggests that photoreceptor activation by BL and RL is differently regulated 

depending on the quality and quantity of light. In this regard, the use of monochromatic LED, 

single and matched, could contribute to identifying specific values of spectra light useful to 

increase the photosynthetic pigment level. 

Phenolic compounds represent a broad group of phytochemicals with various biological functions 

that participate in response to light fluctuations in plants. The production of these secondary 

metabolites is affected mainly by light [11,43], as these compounds act as photoprotective and/or 

antioxidant compounds [44]. Swieca et al. [45] observed that phenolic compound levels in lentil 

seedlings grown under continuous light decrease during plant growth, reaching not different values 

from those obtained from etiolate seedlings. Some other studies reported that BL promoted the 

synthesis of phenol compounds as compared to RL [46]. Generally, as the intensity increases the 

phenol content increases, but this also depends on the species and stage of growth and LED 

exposure [47]. In the earlier stage of development, we recorded an increase compared to the dark, 

not reconfirmed in the older seedlings. Instead, a strong inhibitory effect of the greater light 

intensity (500 Õmol mī2 sī1) emerged, underlining that phenols are very sensitive to the highest 

irradiance. At this growth stage, lentil plantlets are likely still in a stage with no adequate energy 

flow for this secondary metabolite pathway. 

1.5 Conclusion 

Light quality (spectral composition), quantity (intensity), and duration (photoperiod) vary over 

days, seasonal variations, and geographic locations, largely influence plant responses. Currently, 

the combined effect of light quality, irradiance, and photoperiod, such as single light quality 

effects, on plant growth, development, and physiological response are still poorly understood. 

Therefore, in this study, we analyzed the effect of blue and red monochromatic LED lights at the 

intensities of 100, 300, and 500 Õmol mī2 sī1 (two monochromatic light quality Ĭ three light 

intensities treatments Ĭ continuous lighting) on the morphological and biochemical characteristics 

of lentil seedlings at the early growth stages. Blue light shows induced metabolic perturbations, 

which generally positively influence enzymatic (POD and CAT) and non-enzymatic (ascorbic acid 

and phenols) antioxidant components. Red light had a positive effect generally on the biometric 

parameters (length and fresh weight). Photosynthetic pigment content widely varies with the type 

and irradiance of light, also depending on seedling development. In light of the results obtained 
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from this work and therefore the highlighted effect of blue light on antioxidant metabolism, and 

by contrast those of red light on the morphology, future investigations could concern the deepening 

of the action of the light conditions used on the antioxidant machinery and on the anatomical 

modifications, investigating the action of the photoreceptors. In this way, the results could be 

useful to improve the sustainability and efficiency of agricultural production and for a better 

understanding of the adaptation of plants to different lighting conditions. 
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lentil seedlings by spectral quality and intensity  
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Abstract  

Light intensity and spectrum affect photosynthesis and photomorphogenesis in plants but can also 

cause photooxidative stress and modulate stress responses triggering a cascade of antioxidant 

responses. The red and blue regions of the spectrum are decisive for triggering the photosynthetic 

process and, thus, in the metabolism due to the absorptive peaks of photosynthetic pigments and 

the perception by the photoreceptors. Light-emitting diodes (LED) lighting allows the 

experimenting in using a narrow band spectrum for the investigation of the effect of single 

monochromatic light. The purpose of this work was to elucidate how different light environments 

influence physiological and biochemical parameters alongside morphological variations. The 

effects of narrow-band blue (BL) and red (RL) LED lights at intensities of 100, 300, and 500 ɛmol 

mī2 sī1 (two light qualities Ĭ three light intensities Ĭ continuous lighting) on morphoanatomical, 

biochemical, and molecular characteristics during early growth stages of lentil (Lens culinaris 

Medik.) were analysed. Blue light-affected proline content had the highest values. Expression of 

ascorbate-glutathione cycle enzyme genes (APX, MDHAR, and DHAR) and the enzymatic 

activity generally exhibited higher response in BL seedlings. Advanced vascular tissue 

development (notably xylem differentiation) was observed by investigating anatomical parameters 

at the microscopic level. The interplay between light conditions and redox balance in plants is 

complex and multifaceted and affects the correct growth and development; therefore, its better 

understanding can contribute to more efficient crop production in the future.  

Keywords: Lentil (Lens culinaris Medik.); antioxidants; blue light; red light, light intensity; 

enzyme activity; gene expression; anatomy 

Schematic representation of the experimental design.  
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2.1 Introduction 

Sunlight radiation is a fundamental ecological factor driving photosynthesis, a process by which 

light energy is converted into useful chemical energy and channelled through the energy flow in 

the trophic network, ultimately influencing the productivity of terrestrial and aquatic ecosystems. 

In photosynthetic organisms, sunlight is the energy source for carbon fixation but also the main 

environmental signal that regulates various physiological and developmental responses. In higher 

plants, the regulation of growth and developmental patterns by light is known as 

photomorphogenesis [1;2], encompassing various molecular to systemic modifications. Processes 

such as germination, seedling establishment, plant architecture, and reproductive development are 

all regulated by light. Latitude, seasonal and daily variations, and local conditions (position within 

plant communities) affect the spectral composition, intensity, direction, and duration of sunlight 

radiation, consequently impacting plant growth and metabolism. Plants have evolved sophisticated 

mechanisms to sense and adapt to sunlight fluctuations and maximise light captures for 

photosynthesis [3].  

Light-driven responses can influence primary and secondary metabolism and economically 

significant traits such as yield. For instance, while in nature, the shadow avoidance response is an 

advantage to maximise light capture, it can be detrimental to yield in a uniform field of crops [4]. 

Light also affects secondary metabolism by influencing the synthesis of phytonutrients [5]. Given 

the role of light composition in plant biology, the customisation of artificial lighting has recently 

gained more attention in controlled-environment agriculture (CEA) [6]. In this scenario, have 

turned out that light-emitting diode (LED) technology for artificial lighting represents a more 

environmentally friendly and economically favourable solution in the horticultural industry and a 

great tool for a deeper understanding of plant physiology [6;7]. LEDs provide an energy-efficient 

alternative to conventional lighting sources, such as fluorescent (FL), high-pressure sodium (HPS), 

metal halide (MH), and incandescent (INC) lamps, which are less efficient (e.g., energy losses in 

radiant heat), have shorter operational lifespans, and often contain hazardous materials like 

mercury, posing environmental risks during disposal [8]. LED devices also offer the unique 

advantage of tailoring light spectra and intensity, enhancing their utility for photobiological 

research and smart agriculture applications [9;10]. The advantages of LEDs have gradually 

reversed commercial demand, increasing adoption of this technology compared to the other 

technologies, a trend expected to continue [9]. 



54 

 

Light quality (wavelength or spectral composition) and quantity (intensity and photoperiod) play 

significant roles in adjusting overall plant metabolism, so LED devices have increased the 

specificity of photobiological analysis due to the possibility of customising light regimes.  

Indeed, many studies have investigated plant responses to light, including photosynthesis, 

phototropism, photomorphogenesis, and photonasty, by testing a wide range of light regimes, 

including combinations of light quality and quantity. Furthermore, these light treatments are also 

experimented with in conjunction with abiotic or biotic factors to comprehensively understand 

how plants respond to complex environmental scenarios. The combination of red and blue light 

synergistically affects plant architecture. For instance, the synergistic effects of red and blue light 

on plant architecture have been well-documented. Selecting appropriate red and blue treatments in 

ornamental plant production can stimulate branching, compactness, rooting, and leaf expansion, 

leading to desired morphological traits [11]. In sweet pepper (Capsicum annuum L.) seedlings, 

mixed red and blue light altered plant photomorphogenesis and photosynthesis, compared to white 

light and monochromatic blue or red light [12]. Additionally, changes in light intensity can affect 

plant metabolism and lead to variation in the redox environment through reactive oxygen species 

(ROS) formation and antioxidant activity [13]. Other findings reveal that transcriptome 

reprogramming in plants could occur within seconds of initiation of light stress [14]. This light-

associated redox control may improve stress tolerance as demonstrated by the positive correlation 

between the activation of some antioxidant enzymes (APX, SOD, GSH) and ascorbic acid (AsA) 

synthesis by High Light (HL) and drought [13;15].  

The aim of this study, in addition to examining the effect of changing light quality (red and blue 

wavelengths) and intensity (100, 300, and 500 ɛmol m Į s ĭ) on lentil (Lens culinaris Medik) 

seedlings growth, is to understand whether the adopted light regimes created oxidative stress and, 

if stress has occurred, to measure and compare the degree of stress and the response of antioxidant 

machinery. To address these questions, non-enzymatic antioxidants (proline content, total 

glutathione (GluTOT), reduced glutathione (GSH), and oxidised glutathione (GSSG)), antioxidant 

enzymatic activity, transcriptional levels of genes encoding antioxidant enzymes, and anatomical 

changes were investigated. 

These results, alongside published and future research, could empower growers to optimise light 

environments to their needs, potentially enhancing crop yields, quality, and resilience to stress. 

 

https://doi.org/10.1016/j.envexpbot.2018.02.001
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2.2 Materials and Methods 

2.2.1 Plant materials, growth conditions, and light treatments 

Commercial lentil seeds (Lens culinaris) were used in this study. Seeds were surface sterilised in 

a 0.5% (v/v) sodium hypochlorite solution for 5 min, rinsed several times with distilled water 

(dH2O) and imbibed in distilled water under agitation for 3 hours at room temperature. All 

procedures were carried out far from direct light sources. After imbibition, the seeds were 

germinated and grown in seed-sprouting trays (32.5 x 24.5 x 4.5 cm, length x width x height), 

filled with distilled water. The trays were placed in a controlled climate room at 24 Ñ 1 ÁC 

temperature and 55-60% relative humidity. 

Germination and seedling growth were conducted under two narrow-band light spectra as the sole 

light sources, with three light intensity treatments: red light (R, peak wavelength at 630 nm) and 

blue light (B, peak wavelength at 470 nm) at photosynthetic photon flux densities (PPFD) of 100, 

300, and 500 ɛmol m-2 s-1 (Table 2.1). A quadratic light shaping was applied during the 

photoperiod, set to 24/0 h (day/night). The lighting system consisted of AE80 LED lamps (Ambra 

Elettronica S.r.l., Vicenza, Italy). Seeds were also grown in complete darkness under the same 

environmental conditions. 

Sampling for analysis was performed at the primary leaf stage, on the 3rd and 5th days after sowing 

(DAS), equal to the days after treatment (DAT). Seedling samples (~0.5 g per batch) were 

immediately frozen in liquid nitrogen and stored at ï80ÁC until further analysis. 

Table 2.1 Experimental setup: harvesting days, treatment types in different light conditions, and light 

intensity expressed in Photosynthetic Photon Flux Density (PPFD).  

Day of harvesting 

(after the treatment; DAT) 
Treatments 

Light intensity in PPFD 

(ɛmol m-2 s-1) 

3 ï 5 

Dark (D) 0 

Blue LED light (BL) 

100 

300 

500 

Red LED light (RL) 

100 

300 

500 
 

2.2.2 Determination of Proline Content 

Proline content in lentil seedlings was quantified following the method of Bates et al. (1973) [16], 

with slight modifications. Approximately 0.5 g of plant material was ground in liquid nitrogen 

using a chilled mortar and pestle, then homogenised with four volumes of 3% (w/v) sulfosalicylic 
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acid. The homogenate was centrifuged at 5,100 Ĭ g for 5 minutes at 4ÁC. Subsequently, 0.5 mL of 

the resulting supernatant was combined with an equal volume of a freshly prepared reaction 

mixture containing 1% (w/v) ninhydrin in 60% acetic acid. The mixture was incubated in a boiling 

water bath for 1 hour and then rapidly cooled on ice for 5 minutes to terminate the reaction. 

Absorbance was measured at 520 nm using a spectrophotometer. Free proline content was 

calculated using a standard curve prepared with L-proline and expressed as Õmol g ĭ dry weight 

(DW). 

2.2.3 Quantification and Redox State of Glutathione  

A colourimetric assay was followed to analyse the glutathione pool. Seedlings (~0.5 g) were 

ground in liquid nitrogen using a pre-chilled mortar and pestle, then homogenised with cold 5% 

(w/v) metaphosphoric acid at a 1:4 ratio to obtain deproteinised extracts. The homogenate was 

centrifuged at 20,000 Ĭ g for 15 minutes at 4ÁC. The resulting supernatants were collected and 

used to measure reduced glutathione (GSH) levels and determine the redox state, following the 

method described by Paciolla and colleagues [17]. 

2.2.4 Ascorbate-Glutathione Cycle Enzymes Assays 

Enzyme activities were determined spectrophotometrically. For the assays of Dehydroascorbate 

Reductase (DHAR, EC 1.8.5.1) and Monodehydroascorbate Reductase (MDHAR, EC 1.6.5.4), 

batches of seedlings (~0.5 g) were ground in liquid nitrogen using a chilled mortar and pestle. The 

ground tissue was homogenised with four volumes of 50 mM TrisïHCl extraction buffer (pH 8.0), 

supplemented with 0.3 M mannitol, 1 mM EDTA, and freshly added 0.05% (w/v) cysteine. The 

homogenate was centrifuged at 20,000 Ĭ g for 20 minutes at 4ÁC, and the resulting supernatants 

were collected for total soluble protein determination and enzymatic assays. Protein concentration 

was measured according to the Bradford method [18], using bovine serum albumin as the standard. 

DHAR activity was measured spectrophotometrically by following the increase in absorbance at 

265 nm (extinction coefficient 14 mM-1 cm-1) and expressed as nmol AsA minī1mgī1 protein. The 

reaction mixture contained 50 Õg of total proteins, 1 mM DHA, 2 mM GSH and 0.1 M phosphate 

buffer (pH 6.0).  

MDHAR activity was assayed as described by Paciolla et al. (2008) [17], following the decrease 

in absorbance at 340 nm (extinction coefficient: 23.5 mM-1 cm-1) and expressed as nmol NADHox 

minī1mgī1 protein. The reaction mixture contained 50 Õg of total proteins, 0.2 mM NADH, 0.05 

mM AsA, one unit of AsA oxidase (Sigma Aldrich Chemie, Steinheim, Germany) and 0.05 M Tris-

acetate buffer (pH 8.0).  
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Ascorbate peroxidase (APX, EC 1.11.1.11) activity was measured following the method described 

by Nakano and Asada, with slight modification [19]. The extraction buffer contained 50 mM 

sodium phosphate buffer (pH 7.0), 0.25 mM EDTA, 1 mM ascorbic acid, and 10% (v/v) glycerol. 

The homogenate was centrifuged at 18,000 Ĭ g for 15 minutes at 4ÁC, and the supernatants were 

used for protein determination and enzymatic assays. The reaction was initiated by adding 17 mM 

H2O2 and 35 mM ascorbic acid to the enzyme extract and reaction mix. The reaction mixture 

contained 25 mM sodium phosphate buffer (pH 7.0), and 0.1 mM EDTA. The decrease in 

absorbance at 290 nm over 1 min was recorded and enzyme activity was calculated using an 

extinction coefficient of 2.7 mM-1cm-1 and expressed as nmol AsAox minī1mgī1 protein. 

2.2.5 Expression Analysis by qRT-PCR  

Total RNA was isolated from batches of seedlings using the RNeasy Plant Mini kit (Qiagen, 

Hilden, Germany) as described in the user manual. The concentration (in ng ɛLī1) and quality (by 

calculating the A260/A280 ratio, for which a value of 2.0 was considered to be good) of the extract 

were evaluated spectrophotometrically at 260 nm using a NanoPhotometer N60 (Implen, 

Germany). The RNA integrity was determined by running part of the samples on 1.5% agarose 

gel. The first-strand cDNA synthesis was done using the SuperScriptTM IV Kit (ThermoFisher) 

following the manufacturerôs instructions. qRT-PCR was performed using a QuantiNova SYBR 

Green PCR kit (Qiagen) according to the manufacturerôs instructions. All qRT-PCR reactions were 

amplified as follows: 95 ÁC for 15 min, followed by 40 cycles of 95 ÁC for 15 s, 57 ÁC for 30 s, 

and 72 ÁC for 30 s. The BIO-RAD CFX Connect system (Bio-Rad, Hercules, CA, USA) was used 

for the analysis. The Actin (PsACT1) housekeeping gene was selected as the reference gene. In all 

experiments, no template controls were also used. The expression levels were determined and 

normalised to the Dark expression using the comparative 2īææCt method. All reactions were 

performed in triplicate. The primers used in this study were originally designed by Isidora Gjata 

(2024) and published in ñEvaluation and characterization of REE toxicity in aquatic and terrestrial 

plant modelsò (Doctoral Thesis, University of Bari, 2024) [20]. The full citation is reported in the 

References section. The sequences are as follows: 

APX: Forward-GTTGCTGTTGAGGTCACTGG, Reverse-GTCCTGATCACTAAGCCCCA; 

MDHAR: Forward-GCCGTTGGTGATGTTGCTAC, Reverse-TCACCAACATTGTCGCCATA 

DHAR: Forward-TTACCTCAAGGAAAATGGTC, Reverse-CGCCAACCTTCAATGACATC 

ACT: Forward-GTTCCACAATGTTCCCTGGT, Reverse-ATTCTGCCTTTGCAATCCAC 
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2.2.6 Anatomical Structure Sampling and Observation 

The stem and roots of five 5-day-old lentil plants from each treatment group were cut into small 

fragments. Specifically, 0.5 cm-long segments were excised, starting 1 cm above and below the 

root-stem transition zone, to include both stem and root tissue. The samples were dehydrated 

through a graded alcohol series and embedded in Technovit 7100 resin (Heraeus Kulzer, 

Wehrheim, Germany), based on 2-hydroxyethyl methacrylate (GMA). Light microscopy (Leica 

DMLS, Leica Microsystems, Wetzlar, Germany), equipped with a digital camera (G7, Olympus), 

was used for observations. Resin-embedded samples were sectioned to a thickness of 10 ɛm using 

a rotary microtome (Leitz RM1512) and stained with Toluidine Blue O, following protocols by 

OôBrien et al. (1964) [21] and Parker et al. (1982) [22]. Morphometric parameters were quantified 

using the open-source analytical software ImageJ. Measurements included stem and root cross-

sectional diameters, stem and root cross-sectional areas (CSA), xylem CSA, xylem vessel count, 

mean vessel lumen area, and total vessel lumen area, based on cross-sectional images. 

Vulnerability Index  

2.2.7 Statistical analysis 

For each parameter investigated, a test for equal variances was run to verify the variance 

homogeneity of the replicates. The ShapiroïWilk W test was used to determine the normality of 

the data distribution. A one-way analysis of variance (ANOVA) was carried out. To compare the 

means of the different treatments (comparison among all groups), Tukeyôs honest significant 

difference (HSD) post hoc test was run. Letters were used to indicate which treatment groups were 

significantly different. All analyses were done using GraphPad Prism 9.4.0 (GraphPad Software, 

San Diego, CA, USA, www.graphpad.com). 

2.3 Results 

2.3.1 Proline accumulation in response to light 

Proline is linked to the preservation of cellular structures and of cellular function. Our results (Fig. 

2.1) indicate that the amount of this osmolyte was influenced by light conditions, with significantly 

higher levels observed in seedlings grown under artificial lighting compared to those grown in 

darkness. Furthermore, proline levels varied with seedling age, showing a significant increase 

during growth (Sidak post hoc test for multiple comparisons, data not show). At a PPFD of 300 

Õmol m Į s ĭ, no significant differences in proline content were detected between the two light 

treatments on either harvesting day. However, at both the lowest and highest light intensities tested, 
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the blue light treatment induced a greater accumulation of proline than the red light treatment. 

Proline levels exhibited an intensity-dependent pattern, with the lowest values recorded at 100 

Õmol m Į s ĭ, intermediate values at 300 Õmol m Į s ĭ, and the highest at 500 Õmol m Į s ĭ. This 

trend was more pronounced under blue light. 
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Figure 2.1 Effects of dark and light conditions on proline content in lentil seedlings at 3 and 5 days after 

treatment (DAT). Data are presented as means Ñ St.Dev., n = 3. Statistical significance was determined 

using one-way ANOVA with a post hoc Tukey HSD test. Letters indicate statistically different groups; p < 

0.05. Greek letters are used for the statistical analysis performed on 3 DAT, and Latin letters refer to the 

one run on 5 DAT. Dark, complete dark conditions (PPFD = 0); Blue light, sole source narrow-band Blue 

LED light (PPFD = 100, 300, 500); Red light, sole source narrow-band Red LED light (PPFD = 100, 300, 

500). 

2.3.2 Glutathione pool variation under light treatment 

The effects of light quality and intensity on a non-enzymatic antioxidant were assessed by 

measuring the glutathione pool content. On day 3, GSH and GSSG levels displayed an intensity-

dependent trend, with GSH content decreasing in the order 300 > 100 > 500 ɛmol m Į s ĭ, while 

GSSG content followed the reverse pattern (500 > 100 > 300 ɛmol m Į s ĭ) (Fig. 2.2 A). 

Consequently, the GSH/GluTOT ratio was reduced under both the lowest and highest light 

intensities compared to the intermediate intensity, with reductions of 26% and 63% under blue 

light and 48% and 64% under red light, respectively. The glutathione pool state in seedlings grown 

in darkness was comparable to those observed at 100 ɛmol m Į s ĭ. 

On day 5, light exposure led to an accumulation of total glutathione and GSH as light intensity 

increased, whereas GSSG levels remained relatively stable (Fig. 2.2 B). For both light qualities, 

the lowest values of GSH were recorded at 100 ɛmol m Į s ĭ, intermediate values at 300 ɛmol m Į 

s ĭ, and the highest values at 500 ɛmol m Į s ĭ. Across all treatments, the GSH/GluTOT ratio 

indicated a good redox state of the glutathione pool. 
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Figure 2.2 Changes in glutathione pool in lentil seedlings germinated and grown under complete darkness 

or continuous sole-source LED lighting in the Red or Blue wavelengths at three intensities (100, 300, and 

500 ɛmol m Į s ĭ). Panels (A) and (B) represent measurements at 3 and 5 days after treatment, respectively. 

From the left to the right, GSH and GSSG contents, GluTOT content, and glutathione redox state (the ratio 

of GSH to total glutathione content). Data are presented as means Ñ St.Dev., n = 3. Different letters indicate 

statistically significant differences between values (p < 0.05) according to Tukeyôs post hoc multiple 

comparison test. GSH, reduced glutathione; GSSG, oxidised glutathione; GluTOT, total glutathione. Dark, 

complete darkness (PPFD = 0); Blue light, sole-source narrow-band Blue LED light (PPFD = 100, 300, 

500); Red light, sole-source narrow-band Red LED light (PPFD = 100, 300, 500).  

2.3.3 Activity and Expression of Ascorbate-Glutathione Cycle Enzymes in response to light 

The enzymatic activities of APX, MDHAR, and DHAR, along with the relative expression of their 

corresponding genes involved in the ascorbate-glutathione cycle, were analysed in lentil seedlings 

grown under narrow-band light conditions (Fig. 2.3). Blue light consistently showed a 

predominant effect on both enzymatic activity and gene transcription, with a few exceptions where 

no significant differences were observed between light treatments.  

For MDHAR and DHAR, enzymatic activity and gene expression exhibited a similar trend. On 

day 3, blue light significantly enhanced both enzymatic activity and gene expression compared to 

red light. By day 5, no significant difference in enzymatic activity was observed between light 

treatments at 300 ɛmol m Į s ĭ, whereas blue light remained superior at the lowest and highest 

light intensities. Interestingly, gene expression under blue light peaked at 100 and 300 ɛmol m Į 

s ĭ but was comparable to red light at 500 ɛmol m Į s ĭ. 
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Figure 2.3 Effects of the dark and light conditions on the activities of enzymes involved in the ascorbate-

glutathione cycle and related gene expression. Changes in the APX (A), MDHAR (B), DHAR (C) activity, 

APX (D), MDHAR (E), and DHAR (F) gene expression were measured at 3 and 5 days after treatments 

(left and right in the graphs, respectively). Data are presented as means Ñ St.Dev., n = 3. Different letters 

indicate statistically significant differences between values (p < 0.05) according to Tukeyôs post hoc 

multiple comparison test. Lowercase and uppercase letters indicate significantly different groups of the 

same time. APX, ascorbate peroxidase; MDHAR, monodehydroascorbate reductase; DHAR, 

dehydroascorbate reductase. Dark, complete darkness (PPFD = 0); Blue light, sole-source narrow-band 

Blue LED light (PPFD = 100, 300, 500); Red light, sole-source narrow-band Red LED light (PPFD = 100, 

300, 500).  
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APX activity was higher in light-treated seedlings than in those grown in darkness, with the most 

pronounced response under blue light. However, APX gene expression showed no difference 

between blue and red light at 300 ɛmol m Į s ĭ on day 3 and 100 ɛmol mĮ s ĭ on day 5. At other 

conditions, blue light-induced higher transcriptional levels. MDHAR and DHAR activities 

decreased from day 3 to day 5 of growth, while APX activity remained stable (Sidak post hoc test 

for multiple comparisons, data not show). While light intensity had a minor effect on responses, 

the light spectrum played a dominant role. However, under blue light, a slight intensity-dependent 

trend was evident. 

2.3.4 Effect of Light Treatments on the Anatomical Structure of Lentil Stem and Root 

Figures 2.6 and 2.7, respectively, show the transverse sections taken with an optical microscope of 

lentil stems and roots grown in darkness and under blue and red light. As shown in transverse 

sections (Fig. 2.7), the root exterior of all seedlings was composed of an epidermis, consisting of 

a single layer of cells, a pronounced predominance of the cortex formed by thin-walled 

parenchymatous cells, and the stele. No air spaces or lacunae were observed in the parenchyma 

tissue, and the cells were roughly isodiametric, especially in seedlings exposed to dark or red light 

treatments. The stele accounted for approximately 10% of the total root cross-sectional area in all 

roots (data not shown). The transverse section revealed a radial and triarch protostele, characterised 

by three protoxylem arms and a metaxylem region in the centre. The cambium and phloem were 

clearly distinguishable (Fig. 2.7 B). Anatomical differences between treatments were observed 

within the stele, particularly in the degree of vascular tissue differentiation. Xylem elements 

arranged in a triarch pattern were distinguishable in all roots, although only under red light 

treatment at 500 Õmol m-2 s-1 a fully developed metaxylem were detectable. In the other treatments, 

parenchyma cells or metaxylem vessels under formation were observed. Occasionally, 

aerenchymatous spaces were noted at the centre of the stele under blue light treatment at 500 Õmol 

m Į s ĭ (Fig. 2.7 E). 

Focusing on the different anatomical parameters of the stem, Tab. 2.2 shows that the cross-

sectional area under the darkness treatment was larger than that of seedlings grown in the light. 

While for the number of xylem vessels, no significant differences were observed between the two 

qualities of light at the same intensity, for the average vessel lumen area and total vessel lumen 

area red light gave higher results than blue.  Based on the root anatomical traits (Tab. 2.2), root 

cross-sectional diameter and area showed no significant variations among treatments except for 

Red500, which displayed the highest values, comparable to Blue300 and Dark for the respective 
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parameters. The total Vessel Lumen Area was highest under Red light at 500 Õmol m-2 s-1; instead, 

there was no variation across the other treatments.  

A significant variation in the number of xylem vessels was found, with the highest counts recorded 

in seedlings treated with dark and red light and the lowest in those exposed to blue light. 

Comparisons of the results concerning the Mean Vessel Lumen Area of the stem and of the roots 

are shown in Table 2.2 and in Figures 2.4 A and 2.5 A, while the Relative distribution of vessel 

lumen is shown in Fig. 2.4 B and Fig. 2.5 B, respectively. Concerning the anatomical arrangement 

of the stem, while blue light does not significantly affect xylem vessel size compared to dark 

conditions, red light treatment promotes larger xylem vessel lumen areas (Fig. 2.4). As reported 

from roots data, it can be observed that red light treatment at 500 ɛmol m-2 s-1 led to higher 

variability in the size of vessel lumens and the highest percentage of vessels with area >300 ɛm2 

(metaxylematic vessels) compared to dark and blue, which instead had a more uniform 

distribution. Dark-treated seedlings exhibited smaller vessels, while blue light-treated seedlings 

displayed intermediate-sized vessels. These findings indicate an influence on the organisation of 

the structure of the xylematic vessels and the hydraulic strategy adopted. 

 

Table 2.2 Anatomical parameters of stem and root in lentil seedlings germinated and grown in complete 

darkness or under Blue and Red LED light for 5 days. 

 Treatments 

PPFD 

(µmol 

m-2s-1) 

Cross-sectional 

Diameter 

(mm) 

Cross-sectional 

Area 

(mm2) 

Xylem Vessel 

Number 

Mean Vessel 

Lumen Area 

(µm2) 

Total Vessel 

Lumen Area 

(µm2) 

S
T

E
M

 

Dark 0 1.05 ± 0.06 a 0.82 ± 0.06 a 29.43 ± 3.55 c 66.96 ± 9.46 ab 1978.08 ± 307.23 cd 

Blue Light  

100 0.96 ± 0.08 a 0.53 ± 0.06 de 29.50 ± 3.21 c 51.80 ± 2.86 b 1528.68 ± 194.53 d 

300 1.00 ± 0.10 a 0.72 ± 0.17 b 37.50 ± 3.79 bc 48.77 ± 6.52 b 1820.83 ± 227.58 cd 

500 0.91 ± 0.08 a 0.55 ± 0.07 de 46.00 ± 8.52 ab 50.75 ± 4.42 b 2306.52 ± 211.08 bcd 

Red Light 

100 1.02 ± 0.08 a 0.68 ± 0.08 bc 37.40 ± 2.79 bc 85.16 ± 22.80 a 3122.27 ± 654.68 b 

300 0.99 ± 0.07 a 0.62 ± 0.10 cd 35.00 ± 7.24 bc 77.19 ± 17.73 a 2702.29 ± 844.29 bc 

500 0.94 ± 0.10 a 0.53 ± 0.09 e 57.67 ± 12.58 a 76.77 ± 14.36 a 4352.24 ± 787.21 a 

R
O

O
T 

Dark 0 0.78± 0.08 b 0.49 ± 0.09 ab 42.50 ± 4.95 a 43.67 ± 9.12 d 1841.17 ± 257.19 b 

Blue Light 

100 0.77 ± 0.08 b 0.43 ± 0.05 b 26.50 ± 2.27 b 57.83 ± 13.94 bcd 1542.99 ± 454.01 b 

300 0.81 ± 0.05 ab 0.49 ± 0.02 b 25.29 ± 4.10 b 70.52 ± 14.97 bc 1783.86 ± 473.49 b 

500 0.78 ± 0.15 b 0.43 ± 0.07 b 23.33 ± 4.61 b 79.71 ± 19.39 b 1841.96 ± 620.18 b 

Red Light 

100 0.74 ± 0.05 b 0.43 ± 0.04 b 36.75 ± 5.38 a 56.97 ± 9.81 cd 2081.98 ± 424.90 b 

300 0.72 ± 0.07 b 0.42 ± 0.04 b 37.38 ± 5.32 a 56.75 ± 8.77 cd 2107.52 ± 381.66 b 

500 0.89 ± 0.09 a 0.64 ± 0.10 a 38.67 ± 6.59 a 139.75 ± 34.95 a 5356.99 ± 1477.88 a 

Data are presented as means Ñ St.Dev., n = 5. Different letters in the same column indicate statistically 

significant differences between values (p < 0.05) according to Tukeyôs post hoc multiple comparison test. 
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Figure 2.4 (A) Area (Õm2) of xylem vessel lumen in lentil seedling stem after 5 days of treatments, showing 

the median (horizontal var), the interquartile range (boxes), and the outliers (black points). Comparison 

between treatments. (B) Relative distributions (%) of vessel lumen area between treatments. 
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Figure 2.5 (A) Area (Õm2) of xylem vessel lumen in lentil seedling roots after 5 days of treatments, showing 

the median (horizontal var), the interquartile range (boxes), and the outliers (black points). Comparison 

between treatments. (B) Relative distributions (%) of vessel lumen area between treatments. 
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Figure 2.6 Light microscope view of transverse sections of lentil stem after 5 days of continuous Dark (A, 

B), Blue (C, D, E), and Red (F, G, H) treatment. In B dashed lines mark the cambium location. The 

alphabetical sequence reflects increasing light intensities for two wavelengths. Specifically, C, D, and E 

represent 100, 300, and 500 ɛmol m Į s ĭ under blue light, while F, G, and H correspond to 100, 300, and 

500 ɛmol m Į s ĭ under red light. 
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Figure 2.7 Light microscope view of transverse sections of lentil roots after 5 days of continuous Dark (A, 

B), Blue (C, D, E), and Red (F, G, H) treatment. In B dashed lines mark the cambium location. The 

alphabetical sequence reflects increasing light intensities for two wavelengths. Specifically, C, D, and E 

represent 100, 300, and 500 ɛmol m Į s ĭ under blue light, while F, G, and H correspond to 100, 300, and 

500 ɛmol m Į s ĭ under red light. 
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2.4 Discussion 

Light regulates plant physiology through their life cycle and interplay with other environmental 

factors. However, understanding how light acts during growth and development and adapting to 

external changes remains a complex challenge. A fascinating field to explore is the responses of 

plant early growth patterns to light and the relationship between light quality and quantity, ROS, 

and antioxidant responses, which are often species-specific.  

The present study investigates the effects of the application of continuous sole-source narrow-band 

LEDs (Blue and Red) lighting at three intensities (100, 300 and 500 Õmol m-2 s-1) in regulating the 

early development of lentil seedlings and antioxidant machinery. To evaluate the action of light 

quality and quantity on lentil growth, anatomical traits of stem and root vascular tissues were 

investigated, while the proline content, glutathione pool, and its oxidative state, and the activities 

of some enzymes (APX, MDHAR, and DHAR) and gene expression were determined to detect 

antioxidant responses. 

Our results show that proline levels were significantly influenced by light conditions, with higher 

accumulation in seedlings exposed to artificial light than in darkness. The accumulation of this 

osmolyte is often a response to stress conditions. Its content increases with seedling age. At 300 

Õmol m Į s ĭ, no significant differences were detected between red and blue light treatments. 

However, at the lowest (100 Õmol m Į s ĭ) and highest (500 Õmol m Į s ĭ) intensities, blue light 

induced a more significant accumulation than red light. Proline content followed an intensity-

dependent pattern, peaking at 500 Õmol m Į s ĭ.  

On day 3, the GSH/GluTOT ratio exhibited an intensity-dependent trend, being lowest at 100 and 

500 Õmol m Į s ĭ, and the highest in the middle intensity (300 Õmol m Į s ĭ), indicating a redox 

imbalance at these intensities, particularly at 500. By day 5, total glutathione and GSH levels 

increased with light intensity, while GSSG remained stable. The GSH/GluTOT ratio indicated a 

good redox state across all treatments. This could mean acclimation dependent on light intensity 

rather than wavelength. 

While proline and glutathione revealed a light intensity-dependent pattern, enzymatic activities 

(APX, MDHAR, DHAR) and gene expression in the ascorbate-glutathione cycle were 

predominantly affected by light quality. Generally, blue light had a major effect compared to red 

light. MDHAR and DHAR activity and transcription were significantly higher under blue light on 

day 3, with differences diminishing by day 5. APX activity increased in all light-exposed seedlings, 

with blue light having the strongest effect. However, APX gene expression did not always reflect 

enzymatic activity, showing no differences between blue and red light under some conditions. 
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Seedlings grown in darkness had larger stem cross-sections than those grown in the light. Stem 

and root anatomy showed a vascular differentiation influenced by light conditions. Under red light 

at 500 Õmol m Į s ĭ, fully developed metaxylem vessels were observed, whereas blue light at the 

same intensity resulted in less. The highest vessel lumen area and variability were recorded under 

red light at 500 Õmol m Į s ĭ, while blue light-treated seedlings exhibited intermediate vessel sizes. 

These outcomes suggest an impact on hydraulic organization. 

2.5 Conclusion 

Analysis of the light quality and quantity effects on young lentil seedlings revealed a wavelength- 

and intensity-dependent response according to the parameter analysed. The multifunctional amino 

acid proline and the tripeptide glutathione were primarily affected by light intensity, while 

enzymatic activities and transcriptional regulation were mainly influenced by quality. These results 

highlight the action of narrow-band Blue LEDs in regulating enzymatic antioxidants, although 

slowing the development and probably causing oxidative stress. Narrow-band Red LEDs, we 

speculate, can lead to an increase in water efficiency through the full development of vascular 

tissues. 

Therefore, the antioxidant machinery is considerably employed in the responses to light but in 

different ways, probably with pathways that respond in the first line to quantitative variations and 

pathways triggered by the type of radiation; it would be interesting to include the start and time of 

action of machinery components. The manipulation of these pathways through the physical factor 

ñlightò can be promising in developing stress-resistant plant varieties. This underlines the 

importance of using new lighting technologies to fill knowledge on redox homeostasis regulation 

and to effectively use these tools in agriculture and horticulture applications. 
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CHAPTER 3 - Morphological and Growth Responses of Cucurbita 

pepo to Narrow-Band Lighting: from Nursery to Open Field 

  



72 

 

Abstract 

It is well-known plants are photoautotrophic organisms that rely on the assimilation and signalling 

function of light throughout their life cycle. Light-emitting diode (LED) technology has 

revolutionised artificial lighting in controlled growing environments by enabling precise 

regulation of light quality (spectral composition), quantity (intensity), and photoperiod, thereby 

optimising resource management and crop performance. The integration of LED lighting in crop 

production can, in fact, enhance plant growth and yield, improve the quality and nutritional values 

of products, and allow for precise modification of plant morphology to meet specific farmers' 

needs. In this study, we investigated the effects of variation in light quality on morphological traits 

of agronomic and horticultural interest in a ñfield pumpkinò Cucurbita pepo (var. Alberello di 

Sarzana), with the aim of optimising seedling quality to improve transplanting success. Seeds were 

germinated, and seedlings were cultivated under four different LED lights: Blue (B, peak 

wavelength 470 nm), Green (G, peak wavelength 520 nm), Red (R, peak wavelength 630 nm), and 

White (W, broad-spectrum). Each spectral treatment was applied at a total photon flux density of 

250 ɛmol m Į s ĭ under a 16-hour photoperiod. Subsequently, 21-day seedlings were transplanted 

in open field. Morphological parameters were assessed on seedlings of 7, 14 and 21 days during 

the nursery phase while following transplantation to open-field conditions, the growth of plants 

and fruit production were monitored. The results obtained in this study indicate that the light 

quality could regulate plant morphology and development in pumpkins. Generating new 

knowledge on plant-light interactions and fostering collaboration between scientists and farmers 

could contribute to a more integrated and efficient approach to modern agriculture. 

Keywords: Cucurbita pepo L.; broad- and narrow-band LED light; nursery phase; open field; biometric parameters 

 

Schematic representation of the experimental design  
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3.1 Introduction 

The cultivation of Cucurbita pepo, commonly known as zucchini, summer squash or field 

pumpkin, holds significant importance in global agriculture due to its nutritional value, rapid 

growth cycle, and adaptability to diverse environmental conditions. This family includes several 

horticultural plants and is largely produced in the Mediterranean area, representing a major 

component of the economy and local consumption in this region. The cultivation methods often 

involve both open-field and greenhouse systems, and although this species is well adapted to the 

climate of the Mediterranean region, its cultivation is not without challenges. 

Optimizing growth conditions, particularly light quality, is crucial for enhancing agronomic traits 

both in nursery and open field settings. Light-emitting diode (LED) technology has emerged as a 

transformative tool in horticulture, offering precise control over light spectra and intensity to 

influence plant morphology, physiology, and biochemistry [1]. 

Light quality, especially the spectral composition, plays a pivotal role in regulating plant 

development. Red (R), blue (B), and green (G) light have distinct and sometimes complementary 

effects on plant growth. Red light is known to promote stem elongation, flowering, and 

photosynthetic efficiency by influencing phytochrome-mediated pathways [2;3]. Blue light, 

conversely, regulates stomatal opening, phototropism, and chlorophyll synthesis, contributing to 

compact plant architecture and enhanced secondary metabolite production [4;5]. Green light, often 

underappreciated, penetrates deeper into the canopy, affecting photosynthesis and 

photomorphogenic responses in lower leaf layers where blue and red light are, by comparison, 

severely depleted [6,7]. 

In C. pepo, studies have highlighted the interplay between light quality and physiological 

responses. Labidi et al. (2021) [8] demonstrated that different light spectra could modulate 

antioxidant enzyme activities and phytohormone regulation under stress conditions. Similarly, 

Wang et al. (2024) [9] identified quantitative trait loci (QTL) associated with morphological traits 

influenced by light environments. The role of phytohormones, such as auxins, cytokinins, and 

ethylene, in mediating light responses has been extensively studied, revealing complex signaling 

networks that integrate environmental cues with developmental processes [10-12]. 

The application of LED lighting extends beyond controlled environments to open field agriculture, 

where supplemental lighting can mitigate the effects of suboptimal natural light conditions. Jeong 

et al. (2024) [13] emphasized the interactive effects of far-red light and temperature on plant 

morphology, suggesting potential strategies for climate-resilient cultivation. Additionally, light 

quality affects not only growth and stress responses but also developmental processes such as seed 
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germination and early seedling development. Wei et al. (2023) [4] detailed how specific light 

wavelengths influence hormonal pathways, impacting germination rates and seedling vigour. This 

is particularly relevant for nursery practices where controlled light conditions can ensure uniform 

and robust seedling production. 

Citizen science initiatives have also played a role in advancing agricultural practices. highlighted 

how participatory research approaches can optimize light management strategies, bridging the gap 

between scientific research and practical application in farming communities [14;15]. 

In conclusion, the integration of LED technology in the cultivation of Cucurbita pepo offers a 

promising tool for enhancing agronomic traits through precise light management. Understanding 

the complex interactions between light quality, plant physiology, and molecular responses is 

essential for developing optimized cultivation strategies that improve yield, stress tolerance, and 

nutritional quality both in nurseries and open field conditions. The continued exploration of light 

spectra's effects will contribute to sustainable agricultural practices in the face of global climate 

challenges.  

Therefore, the aim of this work was to investigate the effect of three different narrow-spectrum 

LEDs (Blue, Green, and Red) and broad-spectrum (White) on seed germination and seedling 

growth of field pumpkin (Cucurbita pepo L.) and monitor the successful of transplanting after 

planting in open field. 

3.2 Material and Methods 

3.2.1 Plant material and treatments 

Seeds of pumpkin Cucurbita pepo (var. Alberello) were purchased by Bioseme s.c.a.r.l. Regarding 

the nursery phase, related to the production of seedlings for transplanting, experiments took place 

in grown chambers at the University of Bari, while the open field trial took place at the Sapori di 

CasaÉ farm. Seeds were sterilised with sodium hypochlorite 1% for 10 minutes and washed several 

times with sterile distilled H2O until the pH of the washing solution had reached neutrality (about 

5 times). Then, to synchronise germination, overnight at room temperature and in the dark, a sterile 

distilled H2O imbibition took place. The seeds were placed in petri dishes (9 mm) containing paper 

imbibed with 5 mL of sterile distilled H2O water. The plates containing the seeds were placed in a 

growth chamber equipped with different LED lamps, and the seeds were subjected to different 

light treatment regimes, corresponding to 1) Broad-spectrum White LED lighting (Control), 2) 

Narrow-spectrum Red LED lighting, 3) Narrow-spectrum Green LED lighting, and 4) Narrow-

spectrum Blue LED lighting, with a photon flux of 250 ɛmol m-2 s-1 and a photoperiod of 16h/8h 
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(light/dark). Following the appearance of the radicle and the two cotyledons, the young seedlings 

were moved into plastic containers filled with soil (Terriccio Universale Torfy, Cifo Srl, Giorgio 

di Piano (Bologna), Italy) and perlite (Agrilit 3, Perlite Italiana Srl, Corsico (Milano), Italy) in a 

1:1 (v/v) ratio. The relative temperature and humidity of the growth chamber were 23-25ÁC and 

60-70% (day/night). The seedlings were sampled at 7, 14, and 21 days from germination (days-

old). For each treatment, five 21-day-old seedlings were then transplanted in the field at the 

company Sapori di Casa Puglia.  

3.2.2 Evaluation of Plant Growth Parameters 

Morphological and growth parameters were taken on 7, 14 and 21-day-old C. pepo plants. The 

length of the hypocotyl (HL) and petiole (PL) of the first true leaf, the cotyledons length (CL) and 

width (CW), and the first true leaf (FTL) and cotyledons (COT) area were measured. In open field 

plants, the number of foliage bundles, flowers and fruits and the stem length were measured. 

3.2.3 Statistical Analysis 

The phenotypic data were subjected to statistical analysis using GraphPad Prism 9.4.0 (GraphPad 

Software, San Diego, CA, USA, www.graphpad.com). One-way analysis of variance (ANOVA) 

followed by Tukey's post hoc test at a 95% confidence level (p < 0.05) was performed when the 

normality was confirmed by the ShapiroïWilk test.  

3.3 Results 

3.3.1 Growth Parameters in Nursery Phase 

Morphological and growth parameters were evaluated in C. pepo seedlings at 7, 14, and 21 days 

after germination (Figure 3.1). The measured traits included hypocotyl length, petiole length of 

the first true leaf, cotyledon length and width, as well as the surface areas of both the cotyledons 

and the first true leaf. Light quality significantly affected hypocotyl and petiole elongation. 

Seedlings grown under red or green light exhibited the greatest hypocotyl and petiole lengths, 

whereas those exposed to broad-spectrum white light (control) or blue light displayed significantly 

shorter structures. In contrast, the cotyledon area and shape remained unaffected by light 

conditions. However, in 21-day-old seedlings, the first true leaf area was significantly larger under 

green light and smallest under blue light (Figure 3.1 C and Figure 3.3 B). 
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Figure 3.1 Growth parameters on 7 (A), 14 (B) and 21 (C) day-old Cucurbita pepo plants during the nursery 

phase. The values are expressed as mean Ñ SD. According to Tukey's test, the same letters indicate non-

significant differences among treatments (p Ò 0.05).  

3.3.2 Growth parameters in Open Field Phase 

After one and a half months of transplantation into the open field (Figure 3.3 A, C-F), no significant 

differences were observed between the treatments regarding growth parameters (Figure 3.2). The 

transplantation success rate was uniform across all treatments, with a 100% success rate.  
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Figure 3.2 Growth parameters on Cucurbita pepo plants after one and a half months of transplantation into 

the open field. The values are expressed as mean Ñ SD. According to Tukey's test, the same letters indicate 

non-significant differences among treatments (p Ò 0.05).  

 

Figure 3.3 Field pumpkin (Cucurbita pepo L.) plants after one and a half months of transplantation into 

the open field (A, C, D, E, F) and seedlings after 21 days by germination (B).  
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3.4 Discussion 

The results of the morphological and growth parameters evaluated in Cucurbita pepo seedlings 

reveal significant insights into how light quality influences seedling development. The study 

demonstrated that light quality notably affected hypocotyl and petiole elongation, with seedlings 

exposed to red and green light exhibiting the greatest lengths, while those under broad-spectrum 

white light or blue light showed significantly shorter structures. This finding aligns with previous 

research indicating that specific light wavelengths can modulate growth responses in plants, 

particularly through mechanisms involving phytochrome photoreceptors, which are sensitive to 

red and far-red light [16,17]. The elongation of stems and petioles under red light can be attributed 

to enhanced cell elongation processes [18]. Interestingly, while hypocotyl and petiole lengths were 

significantly influenced by light conditions, the cotyledon area and shape remained unaffected. 

This observation suggests that the initial stages of seedling development may prioritize stem and 

petiole growth to optimize light capture [19]. Furthermore, the significant increase in the area of 

the first true leaf under green light at 21 days post-germination indicates that light quality can have 

delayed effects on leaf development, which is consistent with the findings of Liu et al. regarding 

the differential responses of seedlings to varying light environments [20]. The transplantation 

results, showing a uniform success rate across all treatments, suggest that once established, C. 

pepo seedlings can adapt to field conditions regardless of their light exposure during the initial 

growth phase. This resilience is critical for agricultural practices, as it indicates that while light 

quality may influence early growth parameters, it does not necessarily dictate long-term survival 

and growth in natural environments.  

Overall, the findings underscore the importance of light quality in shaping the morphological 

characteristics of C. pepo seedlings during early development. The differential responses observed 

in hypocotyl and petiole elongation, alongside the implications for leaf area development, 

highlight the complex interplay between light conditions and plant growth dynamics. Future 

studies could further explore the underlying physiological mechanisms, including the roles of 

specific phytohormones and signalling pathways, to elucidate how light quality influences growth 

and development, for example, reaching the fruiting phase, in C. pepo and other horticultural 

species. 

3.5 Conclusion 

LED technology has long been a great tool for artificial lighting in controlled environments, 

whether they are aimed at scientific trials or horticultural purposes. Thereby, LED lighting, 
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characterized by relatively narrow-band spectra, provides the opportunity to use monochromatic 

light to improve knowledge of plant physiology and yield horticultural benefits. A good goal could 

be to find the best ñlight recipesò to optimize plant growth, development, defence mechanism, and 

nutritional quality. For instance, understanding the mechanisms by which light influences early 

development could lead to the production of high-quality seedlings and also meet the needs of 

farmers. The production of well-established seedlings, more resistant to stress and therefore more 

capable of overcoming the transplant, would increase production and reduce waste; also, it could 

reduce the use of pesticides or increase the efficiency of water use. This underlines the importance 

of keeping research in this field by matching the use of this technology with other aspects of plant 

physiology, such as hormonal pathways, photoreceptor signalling, gene expression, epigenetics, 

stress responses and more. 
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Abstract 

Wild rocket (Diplotaxis tenuifolia (L.) DC. cv. Dallas) is a leafy green vegetable appreciated for 

its pungent taste and healthy properties, often consumed as a ready-to-eat product. The cultivation 

system is crucial in determining the overall quality, while postharvest storage is fundamental for 

preserving nutritional quality, phytochemicals, and vitamins. This study aimed to investigate the 

phytochemical content and microbiological quality of soilless (SS) and soil-bound (SB) wild 

rocket during cold postharvest storage under blue, red, and green Light Emitting Diode (LED). 

Blue LED increased chlorophylls and carotenoids in SB after two days of storage, and chlorophyll 

a in SS after seven days. Furthermore, it reduced H2O2 levels after two days (SS and SB) and lipid 

peroxidation in SB. Red LED increased phenols in both SS and SB but was detrimental to 

chlorophyll, carotenoids, and oxidative markers. Green LED had less significant effects. 

Microbiological growth varied with LED treatment: green light increased mesophilic bacteria in 

SB, and red light did so in SS by day four, while blue light reduced bacterial growth at the end of 

storage. Overall, Blue LED was the most effective LED in preserving postharvest quality. Soilless 

cultivation was particularly beneficial in reducing lipid peroxidation and maintaining cell 

membrane integrity during long-term storage, and it might also be more effective in preserving 

ascorbic acid. Conversely, soil-bound cultivation methods could enhance initial polyphenol 

content or better preserve it during early storage. This study highlights the complex interplay of 

pre-harvest conditions, postharvest quality, and shelf-life performance. 

 

Keywords: Wild rocket, Light emitting diodes, Postharvest storage, Antioxidant components, 

Microbiological quality, Blue light   
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4.1 Introduction 

Wild rocket (Diplotaxis tenuifolia (L.) DC. cv. Dallas) is a leafy green vegetable belonging to the 

Brassicaceae family, widely known for its pleasant pungent taste and health-promoting 

phytonutrients, like minerals, vitamins, and antioxidant compounds [1]. Besides its organoleptic 

and nutritional properties, wild rocket is appreciated for its fast growth in different climatic 

conditions, adaptability, ease of propagation, and its ïtwo to five growing cycles per season [2]. 

Wild rocket is often consumed raw in minimally processed, ready-to-eat salads together with other 

leafy vegetables. Its processing generally includes only sorting, washing, rinsing, and packaging 

in modified atmosphere. Therefore, it is important that the visual, nutritional, and microbial 

qualities are maintained throughout the shelf-life. 

Pedoclimatic factors including light, temperature, and soil/water salinity, along with cultural 

practices like cultivation system, nutrient, and water management, and genotype, i.e. species and 

cultivar, are among the most important factors determining the postharvest quality and shelf-life 

of fresh products [3]. Together with the traditional soil-bound (SB) culturing technique, soilless 

cultivation (SS) is being increasingly used for the cultivation of wild rocket and other leafy 

vegetables, with the aim of fulfilling the high year-round demand and obtain higher yield and 

higher quality. Indeed, SS cultivation allows to manage nutrient composition and electrical 

conductivity, the dissolved oxygen concentration, while the control of temperature and humidity 

specifically lowers the risk of microbiological spoilage [4,5]. 

After harvest, several physiological processes take place, such as respiration, ripening, and 

senescence. These processes can significantly impact the quality and shelf-life of fresh products, 

like wild rocket, because they lead to water loss, softening, ripening, and loss of nutritional value 

[6]. Additionally, the storage time of such products largely depends on the presence of 

microorganisms that can proliferate during storage and contribute to quality loss [7]. 

Light intensity, distribution, photoperiod, and spectra have been shown to greatly impact the 

physiology and quality of leafy and non-leafy vegetables in the field, after harvest and during 

storage [8]. Among the different light systems that can be applied, light emitting diodes (LED) 

show unique advantages in terms of selective spectra emission, higher efficiency, higher lifespan, 

lower cost, and low heat dissipation with respect to traditional fluorescent lamps, alongside the 

possibility to dim [9,10]. Selective spectra emission allows the selective activation of specific 

light-sensing pathways, which can trigger desired physiological response in the target plant, while 

minimizing unwanted effects. 
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LED application enables to influence the shelf-life and quality of fresh products by modulating 

weight loss, senescence, ripening, and enhancing the production of antioxidant compounds [9]. 

In a previous study [11] the effect of nutrient supply level and growth system on physiological 

responses, quality, and antioxidant systems of wild rocket at harvest was assessed. 

Recently, Villani and colleagues [11] evaluated for the first time the effect of different nutrient 

supply levels and cultivation systems on growth, antioxidant components, quality, and mineral 

content in D. tenuifolia cv. Dallas, highlighting that this cultivar responded strongly to the 

cultivation method. Nonetheless, the impact of the cultivation system and LEDs application in the 

postharvest storage of wild rocket grown under different conditions still needs to be investigated. 

Red, blue, and white LEDs can maintain the quality of most vegetables during the postharvest 

period, promote phytochemical accumulation, and delay senescence. Blue LED light enhances the 

synthesis of beneficial compounds like flavonoids and anthocyanins and improves photosynthesis. 

However, since the effects vary by plant species, cultivar, and organs, specific assessments are 

necessary [8,9]. 

Therefore, the aim of this work was to investigate the effect of three different LED (blue, green, 

and red) and darkness on the post-harvest quality of wild rocket (Diplotaxis tenuifolia (L.) DC) 

cultivated in soil and soilless conditions. 

4.2 Materials and Methods 

During the storage at 4 ÁC, antioxidants content, including ascorbic acid, polyphenols, chlorophylls 

and carotenoids, parameters of oxidative stress, such as lipid peroxidation and hydrogen peroxide, 

and microbiological load were evaluated with the aim to determine the best LED spectra for wild 

rocket post-harvest storage and to study the impact of the growth system on LED response. 

4.2.1 Plant material and storage conditions 

In a recent study [11], wild rocket cv. Dallas (Isi Sementi, Fidenza, PR. Italy) was cultivated in SB 

and SS growing systems using two input fertilization programs: low and high. 

The same leaves harvested in that study were utilized in our current investigation, which focuses 

on the effects of different postharvest light treatments on phytochemical content and 

microbiological quality. The experiment was carried out at the ñLa Noriaò experimental farm of 

the Institute of Sciences of Food Production ï National Research Council (Mola di Bari, Italy, 

41Á03ǋ N; 17Á04ǋ E; 24 m above sea level). Wild rocket (cv. Dallas, Isi Sementi, Fidenza, PR. Italy) 

plants were cultivated in two independent sectors equipped for soil-bound and for soilless 
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cultivation. Leaves of plants growing in SB and SS under low fertilization program (N dose of 30 

kg haī1 for SB and a nutrient solution containing 11.0 mM of N for SS) were harvested between 

April 28th and May 10th, 2021, when reaching commercial length of 10ï12 cm. After each harvest 

time the fresh-cut rocket leaves were immediately transported in refrigerate conditions to the 

Postharvest laboratory. Freshly cut wild rocket leaves were carefully selected, discarding those 

physically damaged, dehydrated, or yellowed, and 7.0 Ñ 0.1 g of leaves were placed in 250 mL in 

polypropylene trays (10 Ĭ 8 Ĭ 3.5 cm), distributed over one only layer, to allow a uniform radiation 

and avoid dehydration. The trays were packaged in pierced freezer plastic bags and immediately 

stored in the domestic refrigerator (Panasonic mod. NRBN34FW1) at 4 ÁC and 85 % RH. 

4.2.2 Postharvest LED light treatments 

LED lights (OSRAM GmbH, Germany), consisting of linear modules of five LEDs each connected 

in parallel, were disposed on the top of each refrigerator's shelf, illuminating 24 h throughout the 

shelf-life period with a photon flux density (PPFD) of 20 Ñ 2.5 ɛmol mī2 sī1 (Supplementary Fig. 

1). The PPFD was measured using a Delta OHM Photo-Radiometer (mod. HD2302.0, Pordenone, 

Italy). Four treatments were applied, as reported in Ref. [12]: 

- Darkness (D) storage was used as Control 

- Blue (BL): monochromatic blue LED with a peak at 467 nm 

- Green (GL): monochromatic green LED with a peak at 522 nm 

- Red (RL): monochromatic red LED with a peak at 625 nm 

After two, four, and seven days of cold storage, samples were collected for quality analyses. Three 

repetitions per light treatment and day of analysis were prepared. On sampling days, samples were 

removed from the trays, weighed, and immediately frozen in liquid nitrogen. Then, they were 

freeze-dried and stored at ī80 ÁC until further analysis, except for samples used for dry matter and 

microbial analyses. 

4.2.3 Determination of dry matter content 

For dry matter (DM) content measurement, 15 g of fresh wild rocket leaves were dried at 60 ÁC in 

an oven for 48 h or until a constant weight was obtained. DM was then calculated as the percentage 

of the ratio of the dry weight to the fresh matter. 
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4.2.4 Chlorophylls and carotenoids content 

One gram of leaves was homogenized with 15 mL of 95 % ethanol and centrifuged at 20,000Ĭg 

for 15 min. The absorbance of supernatant was measured at 645 and 662 for chlorophyll a and b, 

respectively, and at 470 nm for carotenoids. Chlorophyll (a, b, and a:b ratio) and carotenoids 

contents were calculated according to Ref. [13] and expressed as mg kgī1 fresh weight. 

4.2.5 Determination of ascorbic acid and total phenolic content 

The contents of ascorbic acid (ASC) and total phenolic were assayed according to Ref. [14] and 

expressed as mg ASC kgī1 fresh weight and mg of gallic acid equivalents gī1 fresh weight, 

respectively. 

4.2.6 H2O2 content and lipid peroxidation level 

Frozen leaf samples (1 g) were ground in liquid nitrogen and added with 0.1 % thiobarbituric acid 

(TCA). The details of extraction processes and the measurements of absorbances at 390 nm and 

532 nm for evaluating H2O2 and MDA content, respectively, were described in Refs. [12,15]. 

4.2.7 Microbial quality 

Ten grams-samples were transferred to sterile stomacher bags, added with 90 mL sterile saline 

solution and homogenized for 1.5 min in a stomacher (Seward, London, UK). After 20 min of 

incubation at room temperature, the suspension was decimally diluted. Aliquots of 100 ɛL were 

spread-plated or onto count plates (Merck, Darmstad, Germany) of selective media following the 

manufacturersô instructions. Total Viable Count (mesophiles) was determined on Plate Count Agar 

(PCA, Difco, 30 ÁC, 48 h), Pseudomonas spp. On Pseudomonas Agar Base (PAB, Oxoid Ltd; 25 

ÁC, 48 h), yeasts and fungi on Potato Dextrose Agar (PDA, Oxoid Ltd; 25 ÁC, 48ï96h). 

4.2.8 Statistical analysis 

A two-way repeated measures ANOVA was used to assess the significance of light treatments, 

cultivation method, and their interaction effect. Data were examined for normality of distribution 

using the D'Agostino-Pearson test to determine whether they required transformation before 

performing ANOVA. If ANOVA showed significant differences, Tukey's test was used to 

determine differences between treatments. Statistical analyses were performed with using 

GraphPad Prism software version 9.0.0 for Windows, GraphPad Software, San Diego, California 

USA. Reported data are mean values out of at least three replicates of three independent 

experiments. The error bars in all figures represent the standard deviation of the means. 
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4.3 Results 

4.3.1 Dry weight 

The initial DM content of the samples was 12.12 Ñ 0.5 % for SB and 8.57 Ñ 0.31 % for SS. At 

harvest and during the cold storage SB samples showed higher DM content than the SS cultivated 

rocket (Fig. 4.1). No significant dry matter change was shown for all light treatments in SB 

compared to the dark, except for RL at seven days, where a significant decrease was observed. The 

same trend was reported for SS leaves, although at seven days of storage both RL and GL 

significantly (P < 0.05) decreased the DM content. The DM was found to be significantly affected 

by the cultivation method, light qualities and their interactions (Fig. 4.1). 

 

Figure 4.1 Relative weight loss (% from initial weight) of wild rocket leaves grown in soilless (SS) and 

soil (SB) during 2, 4, and 7 days of storage at 4 ÁC in response to LEDs in different spectral regions (blue, 

green, and red) and darkness as a control.  zSignificant differences at P < 0.05 by comparing values under 

light conditions against samples in darkness. Data represent the mean (ÑSD) of at least 3 replicates. 

4.3.2 Chlorophylls and carotenoid content 

Total chlorophyll content at the harvest time was higher in SB wild rocket leaves than in SS (Table 

4.1). 

Table 4.1 Chlorophyll (a, b, and a:b ratio) and carotenoids levels, as influenced by exposure to LED light 

after two and seven days of cold storage. 

Sample Days 
Chl a Chl b Total Chl Chl a:b Carotenoids 

(mg kgī1) (mg kgī1) (mg kgī1)  (mg kgī1) 

SS T0 260.2 ± 3.8 140.1 ± 1.3 400.3 ± 0.56 1.86 200.2 ± 2.29 

SB T0 581.7 ± 14.2 91.3 ± 3.9 672.9 ± 17.1 6.37 186.5 ± 4.5 

DL SS 2 442.3 ± 1.62 d 278.6 ± 3.5 g 720.9 ± 5.12 e 1.59 282.8 ± 2.40 d 

BL SS 2 316,4 ± 3.1 a 158.9 ± 0.1 e 475.4 ± 3.1 a 1.99 193.9 ± 5.5 b 

GL SS 2 377,3 ± 3.8 c 189.3 ± 8.8 f 566.7 ± 12.6 c 1.99 217.7 ± 5.3 c 

RL SS 2 341,0 ± 0.8 b 158.5 ± 0.3 e 499.5 ± 0.5 b 2.15 191.1 ± 1.5 b 

DL SB 2 631.7 ± 7.7 g 105.3 ± 6.7 c 736.9 ± 6.7 e 6.00 204.9 ± 2.1 bc 
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Sample Days 
Chl a Chl b Total Chl Chl a:b Carotenoids 

(mg kgī1) (mg kgī1) (mg kgī1)  (mg kgī1) 

BL SB 2 765.5 ± 9.2 h 126.1 ± 1.8 d 891.5 ± 7.8 f 6.07 231.2 ± 16.6 c 

GL SB 2 579.8 ± 0.2 f 83.62 ± 0.1 b 663.4 ± 0.1 d 6.93 194.8 ± 3.1 b 

RL SB 2 483.2 ± 0.8 e 70.91 ± 0.3 a 554.1 ± 0.5 c 6.81 161.4 ± 0.8 a 

DL SS 7 627.8 ± 5.87 c 139.1 ± 22.1 c 766.9 ± 16.2 cd 4.51 176.1 ± 2.66 b 

BL SS 7 679.5 ± 34.3 d 120.5 ± 11.7 bc 800.2 ± 42.6 d 5.64 223.7 ± 12.8 b 

GL SS 7 622.3 ± 12.8 c 104.6 ± 4.0 b 726.9 ± 16.8 bc 5.95 202.9 ± 3.9 b 

RL SS 7 564.6 ± 9.0 b 101.1 ± 0.5b 665.8 ± 9.5 b 5.58 187.5 ± 2.7 a 

DL SB 7 660.6 ± 7.6 cd 107.3 ± 1.3 b 767.9 ± 8.9 cd 6.15 204.8 ± 2.5 c 

BL SB 7 642.0 ± 5.6 cd 81.5 ± 0.7 ab 723.5 ± 6.2 bc 7.87 214.4 ± 2.1 c 

GL SB 7 563.3 ± 14.6 b 118.1 ± 13.3 bc 681.4 ± 1.3 c 4.77 181.3 ± 3.8 b 

RL SB 7 458.7 ± 24.6 a 63.2 ± 7.4 a 521.9 ± 31.9 a 7.25 145.4 ± 6.5 a 

       

Two way ANOVA P value 

Source of variation 2 days Chl a Chl b Total Chl 
 

Carotenoids 

Light x Cultivation ᶻᶻᶻ ᶻᶻᶻ ᶻᶻᶻ 
 

ᶻᶻᶻ 

Light ᶻᶻᶻ ᶻᶻᶻ ᶻᶻᶻ 
 

ᶻᶻᶻ 

Cultivation ᶻᶻᶻ ᶻᶻᶻ ᶻᶻᶻ 
 

ᶻᶻᶻ 

Source of variation 7 days 
     

Light x Cultivation ᶻᶻᶻ ᶻᶻᶻ ᶻᶻᶻ 
 

ᶻᶻᶻ 

Light ᶻᶻᶻ ᶻᶻᶻ ᶻᶻᶻ 
 

ᶻᶻᶻ 

Cultivation ᶻᶻᶻ ᶻᶻᶻ ᶻᶻᶻ 
 

ᶻᶻᶻ 

Mean values Ñ SD are shown for n = 5. Statistical analyses were performed for each time point. The letters 

indicate groups that are significantly different from each other (p < 0.05). Groups sharing the same letter 

are not significantly different. Wild rocket leaves grown in soilless (SS) and soil-bound (SB) conditions. 

In SS, after two days of storage, the chl levels decreased by 34 %, 21 %, and 31 % on average 

under BL, GL, and RL treatment, respectively, as compared to darkness. Specifically, the chl a and 

b contents decreased during two days of storage, with BL and RL resulting in the lowest levels of 

chl b (43 % less than control). At the end of the storage (seven days), RL decreased the total 

chlorophyll in all treatments both for chl a and chl b contents (ca. 20 % less than the control). A 

significant (P < 0.05) accumulation of chlorophylls was induced by the exposure to BL in SB 

leaves at two days (ca. 32 %), while in SS leaves only chl a increased (8 %) after seven days (P < 

0.05). After two days, in SS leaves stored under BL and RL total chl values were significantly 

lower compared to other samples, while SB leaves exposed to BL showed the highest value.  
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After seven days, SS leaves stored under BL showed the highest total chlorophyll content and the 

value was significantly different from all samples except those stored into the dark. In SS samples, 

chl a:b ratio increased under all light treatments at both time of storage compared to the control. 

Similarly, in SB leaves, RL increased chl a:b ratio after two days by an average of 14 % and after 

seven days by an average of 18 %, compared to the dark. However, higher chl a:b ratio was 

maintained under green light treatment only after two days, whereas only after seven days SB 

leaves treated with blue light resulted in increased (28 %) chl a:b ratio (Table 1). After two days, 

carotenoids content decreased in SS leaves by an average of 31 % (BL), 23 % (GL), and 32 % 

(RL). However, in SB leaves RL decreased carotenoid concentrations by an average of 21 %, but 

the content was unaffected (GL) or had a 21 % increase under BL. After seven days, SB leaves 

exposed to RL showed the lowest carotenoid content, while those exposed to BL and DL showed 

the highest carotenoid content. Similarly, SS leaves stored under RL showed a significant lower 

value compared to the highest treatments. Overall, these results suggest that both the type of light 

treatment and the cultivation method, as well as their interaction, significantly influence the levels 

of chlorophylls and carotenoids in rocket leaves. 

4.3.3 Ascorbic acid and polyphenols contents 

On day two of refrigerated storage, the rocket leaves cultivated in soil exhibited significantly 

higher ascorbic acid (ASC) content compared to those grown in soilless (Fig. 4.2 A). By day four, 

a similar trend was observed, with the soil-bound grown leaves maintaining higher ASC levels 

than their soilless counterparts stored under BL, GL, and into the dark. Same trend was observed 

after seven days, suggesting that the method of cultivation plays a crucial role in preserving 

ascorbic acid content during early storage. Nonetheless, the soil-bound grown leaves still 

demonstrated significantly higher ASC levels compared to the soilless leaves. 

Polyphenols content increased under RL at two and seven days in the SS leaves and at two and 

four days in the SB leaves (Fig. 4.2 B). On day two of refrigerated storage, the rocket leaves 

cultivated into the soil showed significantly higher polyphenol content, compared to those grown 

in soilless, as indicated by different letters (p < 0.05). On day four, the trend persisted with soil-

bound grown leaves maintaining significantly higher GA levels than the soilless leaves, indicating 

a sustained effect of the cultivation method on polyphenol preservation. By day seven, the SB 

leaves stored under BL and GL continued to exhibit significantly higher polyphenol levels 

compared to the SS leaves, highlighting the potential advantage of SB cultivation in preserving 

polyphenol content during prolonged storage under these light treatments. Overall, both conditions 
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(light and cultivation method) and their interaction significantly affect the content of ascorbic acid 

and polyphenols in the rocket leaves. 

 

Figure 4.2 A) Ascorbic acid (ASC) and B) polyphenols contents in wild rocket leaves grown in soilless 

(SS) and soil (SB) during 2, 4, and 7 days of storage at 4 ÁC in response to LEDs in different spectral regions 

(blue, green, and red) and darkness. Any two means within a column not followed by the same letter are 

significantly different at P < 0.05 by ANOVA. Data represent the mean (ÑSD) of at least 3 replicates. FW: 

fresh weight. 

4.3.4 Effect of light treatment on H2O2 content and lipid peroxidation level 

The level of some markers for oxidative stress, such as hydrogen peroxide (H2O2) and MDA, was 

evaluated and results are shown in Fig. 4.3. As showed in Fig. 4.3 A, on day two of refrigerated 

storage, rocket leaves cultivated in soilless systems and stored in the dark (dark_SS) exhibited 

significantly lower hydrogen peroxide (H2O2) content compared to those grown in soil and stored 

in the dark (dark_SB). Similarly, leaves stored under BL, RL, and DL also showed significant 

differences, with the soilless cultivation resulting in lower H2O2 levels than soil cultivation in both 

cultivation conditions. By day four, the trend continued with SS leaves maintaining significantly 

lower H2O2 levels than SB leaves. Moreover, both at two and four days RL caused the highest 
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level of H2O2 in leaves grown in soil. By day seven, although H2O2 levels decreased in all groups, 

SB leaves stored under BL showed the highest level of H2O2. 

 

Figure 4.3 A) Hydrogen peroxide (H2O2) and B) malondialdehyde (MDA) contents in wild rocket leaves 

grown in soilless (SS) and soil (SB), during 2, 4, and 7 days of storage at 4 ÁC in response to LEDs in 

different spectral regions (blue, green, and red) and darkness. Any two means within a column not followed 

by the same letter are significantly different at P < 0.05 by ANOVA. Data represents the mean (ÑSD) of at 

least 3 replicates. FW: fresh weight. 

On day two of refrigerated storage, the rocket leaves cultivated without soil and stored in the dark 

showed significantly lower malondialdehyde (MDA) content, a marker of lipid peroxidation, 

compared to those grown in soil and stored in the dark (Fig. 4.3 B). Similarly, the SS leaves stored 

under BL and RL exhibited significantly lower MDA levels than SB leaves. By day four, SB leaves 

exposed to GL and RL showed higher MDA levels compared to the other treatments. After seven 

days, SS leaves still had significantly lower MDA content compared to SB leaves under dark and 

red treatments, while BL and RL enhanced the MDA level in SS and SB leaves, respectively. 

Overall soilless cultivation and green light minimized lipid peroxidation and accumulation of H2O2 

content and the interaction of both light treatment and cultivation method influenced the oxidative 

stress in rocket leaves during refrigerated storage (Fig. 4.3 A and B). 
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4.3.5 Effect of light treatment on microbial quality 

The microbiological growth was affected by LED light treatments, as showed in Fig. 4.4. 

 

Figure 4.4 Microbial loads of mesophyles (A), moulds and yeasts (B), and Pseudomonas spp (C) in wild 

rocket leaves grown in soilless (SS) and soil (SB) during 2, 4, and 7 days of storage at 4 ÁC in response to 

LEDs in different spectral regions (blue, green, and red) and darkness. Any two means within a column not 

followed by the same letter are significantly different at P < 0.05 by ANOVA. Data represents the mean 

(ÑSD) of at least 3 replicates. FW: fresh weight. 

As reported in Ref. [11], the SB leaves showed higher levels of microbial counts compared to the 

SS leaves. However, cultivation method did not affect mesophiles count during storage (except 

after seven days), while it influenced fungi and Pseudomonas spp. accumulation at each time of 

storage (Fig. 4.4 AïC). Mesophilic bacteria showed a significant higher growth under GL (SB 

leaves) and RL (SS leaves) at day four, while BL significantly decreased mesophilic bacteria 

growth at the end of storage (Fig. 4.4 A). Pseudomonas spp. growth significantly decreased under 

BL and DL regimes at two days, whereas moulds and yeasts growth decreased under RL treatment 
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at two days and increased in GL and RL treated samples after seven days (Fig. 4.4 B). Similarly, 

BL significantly decreased moulds and yeasts content compared to the other light treatments, 

maintaining lower levels also at the end of storage (Fig. 4.4 C). Overall, light and cultivation 

significantly influenced the microbiological growth, except for the mesophilic bacteria growth at 

day two and four, while the interaction of both factors was not significant only for the mesophilic 

bacteria growth after two days and for the Pseudomonas spp. growth after four days (Fig. 4.4 Aï

C). 

4.4 Discussion 

D. tenuifolia cv. Dallas is one of the most popular leafy vegetables grown in the Mediterranean 

area due to its health and nutritional properties. Different growing systems are currently used for 

the cultivation of wild rocket, namely SB and SS. The cultivation system, together with other 

preharvest factors, is important in determining the growth and development of plants, the 

nutritional quality, the minerals, phytochemicals, and vitamins content [3,11]. Moreover, 

cultivation management greatly affects the quality of fresh products also during the shelf-life 

[3,16,17]. As also reported in a previous study [11], wild rocket leaves grown in SS cultivation 

showed lower chlorophylls, ASC, H2O2 and MDA content, higher phenols, and microbiological 

quality than SB. During cold postharvest storage under LEDs, SS and SB samples did not show 

univocal behaviors, highlighting that the growing system influences the plant response to different 

postharvest storage conditions, such as light. Bonasia et al. [2] studied the post-harvest 

performance of wild rocket genotypes grown in different periods and with different soilless 

cultivation systems. They found that the improved nutritional quality was attributed to increased 

temperature and sunlight, cultivation system, and moderate electrical conductivity. 

Several studies showed that LED spectra and intensity can influence the shelf-life and quality of 

fresh produce, reducing weight loss, senescence, and over-ripening, and enhancing the production 

of antioxidant compounds (ASC, polyphenols, and pigments) [9,18]. Photoreceptors are proteins 

able to perceive and transduce light signals in the cell activating specific signaling pathways. 

Specific light wavelengths can be perceived by chromophore molecules which are integral parts 

of photoreceptors, namely cryptochromes (blue), phytochromes (red), and opsin (green). The 

physiological responses induced by light include vegetative growth, differentiation, circadian 

rhythm, and secondary metabolism [9]. 

Postharvest light application, especially BL, is reported to increase weight loss due to stomatal 

openings and increased transpiration [19,20]. Nonetheless, in our samples significant weight loss 
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did not occur until four days, and, overall, wild rocket leaves stored under light treatments were 

comparable to those stored in dark conditions. This trend can be explained by an endogen cell 

control aimed to maintain a basal metabolism of the leaves. The strong decrease in dry matter 

occurred at seven days in presence of RL in SB, and RL and GL in SS, can be due to a larger use 

of storage compounds for longer time and/or higher active metabolism in leaves. Additionally, the 

simultaneous decrease of chl levels suggests that lower photosynthates are produced. 

In this study, leaves grown in SB showed an increase in ASC content during the storage time, likely 

to counteract the increased level of H2O2. Low intensity BL was reported to up-regulate 

chlorophyll-related genes expression during the postharvest storage in several vegetables, 

including wild rocket [19], and to extend the duration of active photosynthesis and photosynthetic 

capacity [8]. Our result confirmed this evidence, showing an increase of chls in SB. In addition, 

the concurrent increase in carotenoids under BL, that are part of light-harvesting complex, 

underlines their fundamental protective role from photo-oxidative damages of the chls. 

The increase of phenols with RL treatment in both SS and SB cultivation systems indicates that 

specific monochromatic RL wavelength of 625 nm could be useful to improve quality and enhance 

these antioxidant compounds, improving the shelf-life of wild rocket leaves. This suggests that RL 

has a higher impact on phenols than the cultivation system. The observed MDA and H2O2 values, 

although higher than control in some instance, are still comparable with those obtained in previous 

studies [11,21]. 

A clear positive effect of LED irradiation on the microbiological quality could be observed only 

in SS with all lights, especially after seven days. BL and RL have been extensively reported to 

reduce the microbial load and the production of toxic secondary metabolites [22]. Different 

wavelengths within the visible spectrum have been reported to effectively reduce microbial growth 

on vegetables during refrigerated storage [19,23], including UV and Far-RL, which were not 

assayed in this study [24]. So far, a consistent conclusion on the effect of LEDs on microbial 

growth has not been disclosed, though it has been reported that LED can induce cell damage, 

targeting photosensitive endogenous compounds such as porphyrins and flavins [9]. The study of 

the interaction between the plant bioactive compounds and the microbial community during post-

harvest storage deserves further investigations because it plays a pivotal role in determining the 

quantity and quality of microorganisms. 

The results of this study confirm that the relationship between pre- and post-harvest interventions 

and the nutritional quality, phytochemical contents, senescence, and oxidative stress responses of 

rocket leaves is governed by complex biochemical and molecular mechanisms which still need to 

be fully unravelled [19,25]. The use of LED in the postharvest storage may foster beneficial effects 
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in terms of antioxidants content and microbiological quality of wild rocket leaves. Nonetheless, 

LED exerts different metabolic perturbations even on the same cultivar grown using two different 

cultivations systems, like SS and SB. BL had and increasing effect on chlorophylls and carotenoids 

in SB, while showed the opposite effect in SS leaves, except after seven days, where BL showed 

the highest total chlorophyll content. Other positive effects exerted by BL were on H2O2 after two 

and four days on SS leaves. RL increased phenols both in SS leaves (day two and seven) and SB 

leaves (day two and four), H2O2 and MDA in SB leaves, nevertheless it was deleterious for 

chlorophyll and carotenoids content. On the other hand, GL elicited less significant effects on the 

other tested parameters with respect to the dark control. Based on these results, BL was generally 

the most effective LED to preserve the post-harvest quality of wild rocket and could be used to 

improve quality in terms of antioxidant compounds (chlorophyll, carotenoids, ascorbic acid, 

polyphenols). Overall, the observed differences in the response to LEDs can be attributed to the 

different antioxidant status of wild rocket leaves at harvest, depending also on the growth system, 

able to differently support the metabolic activities during the postharvest storage. 

4.5 Conclusion 

The results of this study contribute to describing the complex interplay of pre-harvest conditions, 

postharvest quality, and shelf-life performance. Indeed, agronomic, biochemical, and 

transcriptomic studies underline how phytochemical contents, and their expression also varies 

among pre- and post-harvest treatments, or even among different breeding lines under controlled 

environmental conditions. Hence, more data are needed to fill this knowledge gap and further 

explore the potential of crop improvement, enhanced shelf-life, and nutritional quality. These 

results underscore the advantage of soilless cultivation in minimizing lipid peroxidation and 

maintaining cell membrane integrity during extended storage, regardless of the light conditions. 

Soilless cultivation may be also more effective in retaining ascorbic acid over a longer storage 

period. Soil-bound cultivation methods might enhance the initial polyphenol content or better 

preserve it during early storage. 
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SUMMARY 

As we look to the future, our global society faces daunting challenges that threaten the 

sustainability of our planet, including population growth and climate change. The increasing 

pressure on natural resources and the growing frequency of extreme weather events underscore 

the urgent need for innovative and sustainable practices. 

In recent years, research on light emitting diodes (LEDs) has highlighted their great potential 

as a lighting system fot regulating plant growth, development and metabolism. The suitability 

of LEDs for plant cultivation has made them a key component in controlled and closed growing 

environments, driving rapid advancements in horticultural lighting technologies. By fine-

tuning the light spectrum, LEDs can enhance crop productivity and nutritional quality, 

accelerate growth, and improve resistance to biotic and abiotic stresses, thereby reducing the 

need for pesticides and environmental controls. Moreover, LEDs contribute to extending the 

shelf life of produce, reducing spoilage during transport and storage, and consequently 

minimizing food waste. Lastly, LED technology can enhance the nutritional quality of plants. 

Despite these advancements, several aspects of the use of LED technology in the agro-food 

sector are not yet fully understood due to variations in experimental designs, the different 

species and/or cultivars studied, and the inherent variables of the technology.  

This PhD project aimed to enhance knowledge and validate the effectiveness of LED lights, 

facilitating its application on both large scale (e.g. agricultural sector) and small scale (e.g. 

domestic conservation). To gain deeper insights into the role of LED lighting in regulating 

plant physiology (growth, development, bioactive compound production, and metabolism), we 

investigated how light quality and quantity affect early plant development. We also examined 

the impact of light conditions on the interplay between pre-harvest conditions, post-harvest 

quality, and shelf-life performance. Three crop plants were used as model plants due to their 

commercial relevance and the applicability of the results among similar crops: Lens culinaris 

Medik. (Fabaceae), Cucurbita pepo L. (Cucurbitaceae), and Diplotaxis tenuifolia (L.) DC. 

(Brassicaceae).  

As for the outline of this thesis, the light responses in plants were studied, with the main focus 

on the redox balance under different light conditions. Our investigation began on the micro- 

and macro-level analyses (from the whole-plant to the molecular level).  

Initially, we explored how variations in light quality and quantity influence reactive oxygen 

species (ROS) production, antioxidant responses (both enzymatic and non-enzymatic), and 

growth patterns, potentially mediated by changes in the redox environment. The oxidative 
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responses observed in lentil seedlings revealed the interplay between light intensity and 

wavelength in shaping plant stress physiology. We analysed the effects of narrow-band blue 

and red LED lights at intensities of 100, 300, and 500 ɛmol mī2 sī1 (two light qualities Ĭ three 

light intensities Ĭ continuous lighting) on morphoanatomical, biochemical, and molecular 

characteristics during early growth stages. Blue light-induced metabolic perturbations 

generally enhance enzymatic (POD, CAT, APX, MDHAR, DHAR) and non-enzymatic 

(ascorbic acid) antioxidant components, alongside increased hydrogen peroxide (H O ) levels. 

Moreover, elevated proline levels and the gene expression profiles in blue light-treated 

seedlings emphasise its role in modulating antioxidant responses. Conversely, red light elicited 

milder oxidative responses, suggesting a lower stress impact, while promoting biometric traits 

such as seedling length and fresh weight. By investigating anatomical parameters at the 

microscopic level, an avanced vascular tissue development (notably xylem differentiation) was 

observed. These results have shown the contrasting effects of blue and red light on antioxidant 

metabolism and plant morphology.  

At the macro level, we evaluated the influence of light on C. pepo seed germination, seedling 

development in the nursery phase, and post-transplant performance in open-field conditions. 

We applied four LED light treatments: 1) Broad-spectrum White LED lighting (Control), 2) 

Narrow-spectrum Red LED lighting, 3) Narrow-spectrum Green LED lighting, and 4) Narrow-

spectrum Blue LED lighting, with a photon flux of 250 ɛmol m-2 s-1 and a photoperiod of 

16h/8h (light/dark). Significant morphological changes emerged during the nursery phase, with 

red and green LEDs promoting hypocotyl and petiole elongation, while blue light restricted 

these traits. The cotyledon area remained unaffected, suggesting that cotyledon expansion may 

be less responsive to spectral variation. However, differences in true leaf area between light 

treatments indicated potential wavelength-specific effects on photosynthetic efficiency and 

resource allocation. Interestingly, after one and a half months of transplantation into the open 

field, no significant differences were observed among treatments suggesting that early spectral 

effects may diminish under natural conditions. These findings highlight the need for further 

investigation on organ-specific responses, light responses, and a bidirectional flow of 

knowledge exchange between scientists and farmers to ensure product safety and quality and 

develop sustainable food production. 

Finally, the study of the effects of three different LED spectra (blue, green, and red) and 

darkness on the post-harvest quality of wild rocket (Diplotaxis tenuifolia (L.) DC.), cultivated 

under soil-based and soilless conditions contributes to understanding the complex interplay 

between pre-harvest conditions, post-harvest quality, and shelf-life performance. Agronomic, 
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biochemical, and transcriptomic analyses highlight how phytochemical content and gene 

expression vary between pre- and post-harvest treatments and among different breeding lines 

under controlled environmental conditions. Notably, our results underscore the advantages of 

soilless cultivation in minimising lipid peroxidation and maintaining cell membrane integrity 

during extended storage, regardless of light conditions. Soilless cultivation also appears more 

effective in preserving ascorbic acid over prolonged storage periods. In contrast, soil-based 

cultivation may enhance the initial polyphenol content or better preserve it during early 

storage. These findings highlight the complex relationship between cultivation methods, light 

treatments, and post-harvest quality, emphasizing the need for continued research to optimize 

crop performance, shelf life, and nutritional value. 

In conclusion, this research advances our understanding of how light conditions influence plant 

physiology, providing both theoretical insights and practical applications for sustainable crop 

production. The findings contribute to the development of environmentally responsible 

agricultural practices in the face of global challenges.  
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SINTESI 

Guardando al futuro, la nostra societ¨ globale si trova ad affrontare una serie di sfide impegnative 

che minacciano la sostenibilit¨ del nostro pianeta, come la crescita della popolazione e il 

cambiamento climatico. La pressione sulle risorse naturali ¯ sempe maggiore e gli effetti del 

cambiamento climatico diventano pi½ evidenti con il verificarsi di eventi meteorologici estremi. 

Affrontare queste problematiche richiede innovazione e uso di pratiche sostenibili.  

Negli ultimi anni, la ricerca sui Diodi Emettitori di Luce (LED) ha evidenziato il loro grande 

potenziale come sistema di illuminazione per la crescita, lo sviluppo e il controllo del metabolismo 

delle piante. Le caratteristiche vantagiose di questi dispositivi li ha resi infatti componenti chiave 

negli ambienti di coltivazione controllati o chiusi, con conseguenti riduzioni di consumo di acqua 

ed energia. Con la possibilit¨ di regolare finemente lo spettro luminoso, i LED sono utilizzati per 

migliorare la produttivit¨ e la resa delle colture, accelerare la crescita e aumentare la resistenza 

agli stress biotici e abiotici, riducendo quindi la necessit¨ di pesticidi e di controlli ambientali. I 

LED contribuiscono inoltre a migliorare la qualit¨ nutrizionale dei prodotti vegetali, prolungare la 

shelf-life, mantenendoli freschi pi½ a lungo e riducendo il deterioramento durante il trasporto e lo 

stoccaggio, con la conseguente riduzione dello spreco alimentare. Nonostante i progressi, diversi 

aspetti dell'uso della tecnologia LED nel settore agroalimentare non sono ancora completamente 

compresi a causa delle variazioni nei disegni sperimentali, delle diverse specie e/o cultivar studiate 

e delle variabili intrinseche della tecnologia. 

Questo progetto di dottorato ha mirato a migliorare la conoscenza e a validare l'efficacia 

dellôilluminazione LED, per poter facilitare ed ampliare l'applicazione di questa tecnologia sia su 

larga scala (ad esempio nel settore agricolo) sia su piccola scala (ad esempio nella conservazione 

domestica). Per ottenere una comprensione pi½ approfondita della potenziale azione nella 

regolazione della fisiologia delle piante, ¯ stato studiato come come la qualit¨ e la quantit¨ della 

luce influenzano le fasi iniziali di crescita delle piante. Ĉ stato inoltre valutata lôazione 

sull'interazione tra le condizioni pre-raccolta, la qualit¨ post-raccolta e la performance durante la 

conservazione. 

In questa ricerca, sono state utilizzate tre specie vegetali modello per la loro rilevanza 

commerciale, e per la potenziale applicabilit¨ dei risultati ottenuti a colture simili. In particolare, 

ci siamo concentrati sullôazione dell'illuminazione LED su specie come Lens culinaris Medik. 

(Fabaceae), Cucurbita pepo L. (Cucurbitaceae) e Diplotaxis tenuifolia (L.) DC. (Brassicaceae). 

Per quanto riguarda la struttura di questa tesi, sono state studiate le risposte delle piante alla luce, 

con un focus principale sull'equilibrio redox in diverse condizioni luminose. Per raggiungere gli 
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obiettivi preposti, lôindagine si ¯ svolta a livello micro e macroscopico (dal molecolare al 

sistemico).  

Una prima analisi ¯ stata rivolta allo studio della risposta delle piante alla manipolazione 

qualitativa e quantitativa dello spettro di luce, indagando principalmente lôazione sulle specie 

reattive dell'ossigeno (ROS) e sugli antiossidanti (enzimatici e non enzimatici), nonch® sul 

cambiamento del percorso di crescita e sviluppo.  

Le risposte ossidative osservate nelle piantine di lenticchia (Lens culinaris Medik.) hanno 

evidenziato il ruolo di intensit¨ e lunghezza d'onda della luce nel modellare la fisiologia dello 

stress nelle piante. Sono stati analizzati gli effetti delle luci LED a banda stretta blu e rossa a 

intensit¨ di 100, 300 e 500 ɛmol mī2 sī1 (due qualit¨ di luce Ĭ tre intensit¨ luminose Ĭ 

illuminazione continua) su caratteristiche morfoanatomiche, biochimiche e molecolari durante le 

fasi iniziali di crescita. Le perturbazioni metaboliche indotte dalla luce blu hanno generalmente 

migliorato i componenti antiossidanti enzimatici (POD, CAT, APX, MDHAR, DHAR) e non 

enzimatici (acido ascorbico). Un effetto induttivo ¯ stato osservato anche sul contenuto di H2O2. 

Inoltre, gli elevati livelli di prolina nelle piantine trattate con luce blu e i profili di espressione 

genica sottolineano il ruolo di questa lunghezza dôonda nella modulazione delle risposte 

antiossidanti. Al contrario, la luce rossa ha suscitato risposte ossidative meno pronunciate, 

suggerendo che questa lunghezza d'onda esercita un'induzione dello stress inferiore; unôazione 

positiva ¯ stata osservata sui parametri biometrici come la lunghezza delle piantine e il peso fresco. 

Inoltre, tramite lôanalisi microscopica dei tratti anatomici ¯ emerso che i tessuti vascolari (xilema) 

sotto queste condizioni erano in uno stadio di differenziamento completo. I risultati ottenuti hanno 

dimostrato l'effetto della luce blu sul metabolismo antiossidante e l'impatto della luce rossa sulla 

morfologia. 

Per seguire lôinfluenza della tipo di luce adottata sulla germinazione dei semi e sulla crescita di 

piantine di zucchino (Cucurbita pepo L.) ¯ stato condotto uno studio morfologico, sia durante le 

fasi vivaistiche che sulle performance post-trapianto in campo aperto. A tal scopo, sono stati 

applicati quattro trattamenti luminosi: 1) Luce LED bianca ad ampio spettro (Controllo), 2) luce 

LED rossa a stretto spettro , 3) luce LED verde a stretto spettro , e 4) luce LED blu a stretto spettro, 

con un flusso fotonico di 250 ɛmol m-2 s-1 e un fotoperiodo di 16h/8h (luce/buio). 

Durante la fase di crescita, sono emerse significative variazioni morfologiche sotto i diversi 

trattamenti LED, indicando l'influenza della composizione spettrale su specifici tratti di crescita 

con una risposta organo-specifica. La luce rossa e la luce verde hanno promosso l'allungamento di 

ipocotile e picciolo, mentre la luce blu ha limitato lôallungamento. L'area dei cotiledoni ¯ rimasta 

invariata, suggerendo che l'espansione dei cotiledoni possa essere meno sensibile alle variazioni 
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spettrali. Inoltre, le differenze osservate nell'area delle prime vere foglie, specialmente tra i 

trattamenti con luce blu e verde, suggeriscono una possibile regolazione specifica della lunghezza 

d'onda non solo sulla morfogenesi ma anche sull'attivit¨ fotosintetica e sulla distribuzione delle 

risorse. Dopo un mese e mezzo dal trapianto in campo aperto, non sono state osservate differenze 

significative. Ci¸ suggerisce che gli effetti del trattamento luminoso nelle fasi iniziali della crescita 

possano attenuarsi in condizioni naturali. Questo studio ha evidenziato la necessit¨ di perpetuare 

le indagini per comprendere le risposte specifiche degli organi alla luce, come anche di un flusso 

di scambio bidirezionale di conoscenze tra scienziati e agricoltori a beneficio della sicurezza e 

qualit¨ dei prodotti e dello sviluppo di una produzione alimentare sostenibile. 

Infine, lo studio degli effetti di tre diversi spettri LED (blu, verde e rosso) e del buio sulla qualit¨ 

post-raccolta della rucola selvatica (Diplotaxis tenuifolia (L.) DC.), coltivata in condizioni con e 

senza suolo, ha contributo a comprendere la complessa interazione tra le condizioni pre-raccolta, 

qualit¨ post-raccolta e performance durante la conservazione. Le analisi agronomiche, 

biochimiche e trascrittomiche hanno evidenziato come il contenuto di composti fitochimici e 

l'espressione genica variano tra i trattamenti pre- e post-raccolta e tra le diverse modalit¨ di 

coltivazione in condizioni controllate. In particolare, i nostri risultati hanno sottolineato i vantaggi 

della coltivazione senza suolo nel minimizzare la perossidazione lipidica e nel mantenere l'integrit¨ 

delle membrane cellulari durante lo stoccaggio, indipendentemente dalle condizioni luminose. Al 

contrario, la coltivazione su suolo pu¸ aumentare il contenuto iniziale di polifenoli e mantentere 

meglio il contenuto di questi composti bioattivi nelle prime fasi di stoccaggio. Questi risultati 

evidenziano la complessa relazione tra metodi di coltivazione, trattamenti luminosi e qualit¨ post-

raccolta, sottolineando la necessit¨ di una continua ricerca per ottimizzare le performance delle 

colture, la durata della conservazione e il valore nutrizionale. 

In sintesi, lo scopo di questo progetto ¯ stato di migliorare la nostra comprensione di come le 

condizioni di luce influenzano la fisiologia delle piante, fornendo una base per ottimizzare la 

produzione e la qualit¨ delle colture, contribuiendo allôutilizzo di pratiche agricole sostenibili, 

offrendo sia conoscenze teoriche che applicative.  
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