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Abstract: A reduction in crop productivity in cultivable land and challenging environmental factors
have directed advancement in indoor cultivation systems, such that the yield parameters are higher
in outdoor cultivation systems. In wake of this situation, light emitting diode (LED) lighting has
proved to be promising in the field of agricultural lighting. Properties such as energy efficiency,
long lifetime, photon flux efficacy and flexibility in application make LEDs better suited for future
agricultural lighting systems over traditional lighting systems. Different LED spectrums have varied
effects on the morphogenesis and photosynthetic responses in plants. LEDs have a profound effect
on plant growth and development and also control key physiological processes such as phototropism,
the immigration of chloroplasts, day/night period control and the opening/closing of stomata.
Moreover, the synthesis of bioactive compounds and antioxidants on exposure to LED spectrum
also provides information on the possible regulation of antioxidative defense genes to protect the
cells from oxidative damage. Similarly, LEDs are also seen to escalate the nutrient metabolism in
plants and flower initiation, thus improving the quality of the crops as well. However, the complete
management of the irradiance and wavelength is the key to maximize the economic efficacy of
crop production, quality, and the nutrition potential of plants grown in controlled environments.
This review aims to summarize the various advancements made in the area of LED technology
in agriculture, focusing on key processes such as morphological changes, photosynthetic activity,
nutrient metabolism, antioxidant capacity and flowering in plants. Emphasis is also made on the
variation in activities of different LED spectra between different plant species. In addition, research
gaps and future perspectives are also discussed of this emerging multidisciplinary field of research
and its development.

Keywords: crop improvement; floral growth; lighting systems; physiological modeling; metabo-
lic activities

1. Introduction

Indoor cultivation of crops is best suited for crop breeding projects that are indepen-
dent of outdoor climatic variations across seasons [1]. However, plant development and
physiology are solely dependent on the availability of light spectra in controlled environ-
mental growth conditions. The beginning of doing agriculture in a controlled environment
either in urban areas or by agro-industries meant that an efficient artificial lighting source
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had to be developed. For quite a long time, artificial light sources such as fluorescent
lamps, filament lamps and high-pressure sodium lamps (HPS) have been used in growth
chambers or greenhouses [2]. Nevertheless, these light sources consume a high amount of
electrical energy and somehow cause light stress in plants, which ultimately makes them
inefficient for optimal growth [3]. Therefore, a desire to control sustainable farming costs
by controlling light conditions has been the subject of research.

Light-emitting diodes (LEDs) are a recent lighting technology that has entered the
arena of artificial agricultural lighting. LEDs provide various advantages over the tra-
ditional lighting systems, such as longer lifetime, smaller size, higher photosynthetic
efficiency, lesser thermal radiation and higher safety performance [4,5]. Indeed, LEDs also
act as an optional light quality to improve plant growth, nutritional quality and yield; a
systems approach has to be developed for the efficient use of LEDs in plant production
and development. The direct radiation of heat by LEDs is not seen, but LEDs do produce
heat that has to be effectively removed from the system for better functionality [6]. The
potentials of LED lighting are many, of which the development of a species-specific light
recipe for optimizing plant growth and other desirable traits are promising [7,8].

Any new technology comes with its own challenges to be resolved; the case of LED
technology in artificial agricultural lighting is no different. The effect of red, blue, and green
light, including other combinations of various spectrums of light, has been found to be
effective for plant growth and development, nutrient efficiency, pest control, the production
of bioactive compounds, and the induction of flowering, etc. [9,10]. However, the high
capitol cost and knowledge on the adequate proportions of the following lights (blue, green,
red and/or their combinations) required for the optimal growth of specific plants is scarce,
and whether the spectral requirements for specific plants will change over the course of
time also needs attention. Since better results are obtained with spectral combinations, more
work has to be conducted on wide/narrow spectral intensities of light [11,12]. Besides, the
quantification of light requires the development of new techniques, software calibrations,
and hardware such that the Photosynthetic Photon Flux (PPF) for LEDs are quantified
accurately for intercanopy lighting. Further, the calculation of canopy volume or total
energy use/cost requires radiation capture metrics. The economic viability of LEDs in
agricultural lighting is of major concern. The technique is developing day by day, and as
the demand increases, the supply also has to increase. Therefore, a balance between the cost
of LEDs and their energy efficiency for various types of crop lighting has to be maintained
such that the LEDs in artificial agriculture lighting see no setbacks. The transportation
costs incurred from traditional agriculture can be cut down if locally produced products
from artificial agricultural systems using LEDs are available in every locality [13]. Thus,
the future of LEDs in artificial agricultural lighting is promising.

Light intensity and spectral distribution importance are well observed when the culti-
vation of plants under a variety of light environments is compared [1]. Light is considered
to be an important driving factor for plant growth and development. It not only provides
energy for driving photosynthesis, but signals downstream gene expression for substance
metabolism for the acclimatization of plants towards fluctuations in environment [14]. The
blue and red wavelengths supply the energy required for the growth and development of
plants via photosynthesis and photoreceptors, which regulate morphogenetic events such
as plant elongation, leaf expansion, stomatal opening, circadian clock, and flowering [14].

Photoreceptors of plants, namely phytochromes, cryptochromes, phototropins, ZEITL
UPE (ZTL), and UV-B receptors (e.g., UVR8), regulate the transcriptional changes in re-
sponse to light by sharing distinct pathways amongst each other [15]. A more complicated
response of plants towards light spectra is due to the cross talk among photoreceptors
via transcription factors (e.g., HY5 and PIFs) [15]. When blue and red light are used in
combination, the light appears purplish gray, and for humans, the diagnosis of disease
and disorder of plants under this faint light becomes difficult. This led to the idea of
using a small amount of green light in agricultural lighting [13]. The light spectra, at the
biochemical level, however, affect both primary and secondary metabolism and improve
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nutritional quality, carbohydrate and nitrogen metabolism, flavor production, volatile
and aromatic compounds, as well as enhance plant defense mechanisms [12,16,17]. How-
ever, changes in the spectra of light can cause several changes in plant responses and
metabolic processes. LEDs bring out the possibility to manipulate the growth period, plant
metabolisms, defense, flowering and the amount and quantity of plant products [18,19].
Physiological responses of plants change with spectral changes, and it is believed that
red light is involved in the assimilation of assimilates as it influences the photosynthetic
apparatus [20]. Blue light is known to affect photosynthetic parameters such as chlorophyll
formation, chloroplast development, etc., but the effect is largely dose dependent [21].
In some studies, it has been observed that green light exerts similar effects as blue light,
through photoreceptor proteins to participate in photosynthesis [22]. However, through
the inductive biological antagonistic systems, green light tends to reverse the effects of
blue and red light [23]. Since green light can effectively pass through the tissues, it may
engage itself in reactions not directly exposed to the light stimulus [24]. Thus, testing a
large amount of light recipes is required so as to identify the optimum light regime that
improves plant growth, development, nutrition, flavor flowering, and defense mechanisms.
Several beneficial effects of LEDs on plants are shown in Figure 1.

Figure 1. Schematic diagram of light emitting diode (LED) efficiency on plant growth and devel-
opment. The beneficial effects of LEDs on plants include improving crop yield and quality, flavor
production, nutritional quality, photosynthetic efficiency, plant defense and flowering, etc.

In the first half of this review, we discuss the physiological aspects of the supplemen-
tation of plants to different LED wavelengths and how various wavelengths impact the
photosynthetic efficiency of plants and if/how various results contradict each other, thus
leaving a gap to be considered for more research. In the second half of this review, we
discuss the biochemical effects of LED wavelengths on plants and find out whether an
effective light recipe for specific plants is better, or if a single spectrum on specific plants
can be supplied to all plant species with varied wavelengths.

2. Morphological Modeling in Plants Using LEDs

Light assumes a crucial job in controlling plant development and advancement via
photosynthesis. [25–27]. The most obvious and noticeable effect of different LED treatments
is on the growth and morphological changes of plants, and these changes are a combined
result of genetic expression, phytochromes, cryptochromes and phototropins in response
to different light conditions [14,28,29]. Phytochromes, cryptochromes and phototropins are
the three significant photoreceptor families that direct the declaration of different qualities
because of light stimuli [29]. However, the molecular mechanism of the signal transduction
via cryptochromes and phytochromes is not clearly understood.
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Several studies have been carried out for various plant species regarding their growth
and development under the diversification of LED lights, but out of all, the majority of
studies observed that plants mainly utilize red and blue portions of the light spectrum,
as these wavelengths are effectively absorbed by the main photosynthetic pigments [30].
Far-red light is responsible for the reduction in the pigment concentration of plants [31],
whereas it also leads to the enhancement of total biomass and plant elongation [32–34]. Red
and far-red light interact with each other, and far-red-light LED treatment has a significant
impact on various photo-physiological processes in lettuce and radish [35]. Under far-
red LED treatment, squash seedlings represented a significant enhancement in hypocotyl
elongation [36]. Far-red LEDs supplemented with red or blue LEDs also enhanced plant
height and leaf area in ageratum (Ageratum houstonianum), marigold (Tagetes erecta) and
salvia (Salvia officinalis) [37]. In contrast, maximum biomass and height in buckwheat
(Fagopyrum esculentum) [38] and cucumber (Cucumis sativa) seedlings [39] were observed
under the treatment of blue LEDs.

Red LED light is one of the basic elements in the entire light spectrum, which is very
much suitable and enough for normal plant growth and photosynthesis. Therefore, any
variation in red or far-red radiation and their ratios is perceived by phytochromes [40],
which may impact photo morphogenetic processes in plants. Red light has more potential in
plant growth and production as compared to far-red light and is more desirable because [41]
it increases plant yield [42], reduces nitrate concentration [43] and increases vitamin C
concentration [44] in plants. Contrasting results of red light were observed where red
light hindered the transition to flowering in basil [45], whereas it induced upward or
downward leaf curling in tomato (Solanum Lycopersicum) [46]. It has been observed that
the supplementation of red LEDs, combined with a small portion of blue LEDs, at low to
moderate light intensities, resulted in improved growth in lettuce [32,47,48] and Chinese
cabbage [49]. Red LEDs supplemented with blue and far-red LEDs exhibited an increase in
height, biomass, and leaf area in kohlrabi, mustard, red pakchoi and tatsoi [50]. Further,
Pinho et al. [34] reported that, in lettuce, far-red light supplied together with red and blue
LEDs enhanced potassium, calcium, and magnesium uptake. An enhancement in lettuce
growth under far-red lighting was the result of an increase in leaf area and, subsequently,
due to improved light interception [51]. Hence, supplemental far-red LEDs, at specific
portions, should be considered while designing lighting systems for plant factories.

Along with red light required for photosynthesis, blue light is also a necessary light
element required to increase growth and reduce shade avoidance responses, including ex-
cessively elongated stems [52]. Blue light LEDs have significant effects on green vegetable
morphology, growth, photosynthesis, and antioxidant system response by the activation
of the cryptochromes system and by matching chlorophyll and carotenoid absorption
spectra [12]. Blue LED light also plays a major role in improving the nutritional quality of
green vegetables by reducing nitrate contents [6,53] and stimulating antioxidant status, e.g.,
increasing phenolic compounds [6,54–56], ascorbic acid [41,53], carotenoids [31,57], antho-
cyanin contents and leaf coloration [31,34,58], thereby affecting leaf coloration. Blue light
contributes enormously to plant production [59] by increasing the vegetative growth [41]
and pigment concentration [59] in plants. Red LEDs supplemented with blue LEDs re-
sulted in improved growth and yield for strawberry [60,61], whereas the same treatment
resulted in increased fruit yield in capsicum [62]. However, for marigold and salvia plants,
monochromatic blue LEDs caused an increase in plant height but reduced the number of
flower buds and blooming period [63].

Research conducted regarding the outcomes of red and blue wavelengths on plants
has already come up with the view that red LEDs enormously affect plant growth by
increasing plant fresh and dry weight, plant height, and leaf area [54,63–65]. Unlike red
LEDs, blue LED treatments indirectly affect plant growth by influencing photosynthetic
function, chlorophyll formation and chloroplast development. [54,64,66]. However, a
few studies claim that the combination of both red and blue LEDs has a more positive
impact on the plant growth of various vegetables, such as lettuce, when compared with red
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LEDs alone [21,26,34,66,67], whereas a few other relative studies have reported contrasting
results [54,68]. Until now, the majority of studies conducted were focused on specific ratios
of blue and red LEDs, leading to inconsistent results, so it is now important to understand
the response of plants and their growth under different conditions of red and blue LEDs.

Like blue and red lights, green light also comes up with many desirable factors re-
quired in plant production, which include the promotion of growth [69], a reduction in
nitrate concentration [9] and the elevation of saccharide concentration in plants. Early stud-
ies have indicated that green LED responses are oftentimes mediated by well-described
light sensing systems [70,71]. According to some genetic and/or photo physiological
experiments, researchers have demonstrated that some green light reactions are not ef-
fortlessly recognized by the present known set-up of light receptors [72]. In a study by
Son and Oh [48], they determined the leaf morphology, transmittance, cell division rate,
and leaf anatomy of lettuce cultivars under treatments with green LEDs, and observed
enhanced growth of the two lettuce cultivars. In another study by Snowden et al. [52] and
Bugbee [73], they tried to reveal that green light enters deeper into leaves and canopies,
and thus fluctuating plant growth and development; however, its effects may decline with
increasing photosynthetic fluxes. Samuolienė et al. [43] worked on baby leaf lettuce and
found that under the combination of red and blue LEDs, green LED light of wavelength
530 nm promoted the accumulation of a-carotene and anthocyanins. However, significant
effort will need to be put into the development of LED lighting models for different green
vegetables and lettuce cultivars. One outcome identified that when photosynthetic photon
flux was kept consistent, lettuce developed in a blend of red, blue, and green LED light had
bigger leaf territory and higher new and dry shoot mass than those developed solely under
red or blue light alone [74,75]. Their finding demonstrated that although red and blue light
are progressively powerful for advancing photosynthesis, green light may infiltrate plant
leaves more efficiently and increase carbon fixation [75,76]. It can therefore be concluded
from previous reports that blue, green, and red-light LEDs are the main light colors to
positively impact the yield, growth, and nutrient quality in plants. Nevertheless, in specific
conditions, some other light colors can also be constructive, such as far-red light, orange
light and ultraviolet-A (UVA) light. Future work on light color manipulation has a possible
role in producing lamps and covers of greenhouses to influentially support yield, growth
and nutrition in plants.

The effect of light quality likely differs, bestowing to plant species, plant growth stages
and environmental conditions such as PPF, the composition of medium and ventilation [77,78].
However, comprehensive studies are necessary regarding the correlations between light
quality and growth conditions. Therefore, research has to be conducted to identify the ideal
ratio of red/blue(R/B) under a combination of red and blue light-emitting diodes (LEDs).
Additionally, a study on responses of plants on the sole-source of light spectrums has to be
investigated in other important horticultural crops to standardize for optimal light recipes.
Moreover, a significant demand remains regarding how to optimize spectral quality for plant
growth, development, mineral nutrition, and metabolism.

3. Photosynthetic Efficiency in Plants under LEDs

Light is also a vital energy source for the process of photosynthesis and other metabolic
processes for the better growth and development of plants. A change in the quality of
light has a reflective effect on plant growth, particularly on photosynthesis [79,80]. The
range of photosynthetically active radiation (PAR) overlaps the complete visible spectrum
(400–700 nm) [81,82]. However, the red and blue regions are assumed to be the most
indispensable for photosynthesis [83]. Red light comprises photons of lower energy which
are readily utilized by plants during photosynthesis [13]. Blue light, apart from imparting
energy to photosystems, promotes photosynthesis by stimulating stomatal opening [84] and
regulating chloroplast relocation and transcription [85]. Conversely, high light intensity
causes photo oxidative damage in the leaves [86,87] and has been observed to reduce
photosynthesis by hampering chlorophyll biosynthesis [88].
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Various plant photoreceptors that include phytochromes, cryptochromes and pho-
totropins are responsible for perceiving the light required for photosynthesis and also act
as an environmental signal, responding to its intensity, wavelength, and direction [89].
Among these pigments, phototropins are non-photosynthetic, cryptochromes are blue light
sensitive and phytochromes are red light sensitive [90]. Phototropins direct phototropism,
chloroplast migration and stomatal opening [91], whereas cryptochromes guide photo-
morphogenesis [92]. Phytochromes also play an important role in germination, shade
avoidance, etiolation and de-etiolation and sense the relative abundance of red and far-red
light to coordinate various photo responses [93]. A large number of crops have been
studied and grown under the availability and absence or a combination of both red and
blue light at different wavelengths [94,95]. An increase in photosynthetic rate was re-
ported in wheat [96], spinach [67], lettuce [97], cucumber [21], Chinese cabbage [49,98] and
chrysanthemum [99] under a combination of red and blue LEDs, with the proportion of red
LEDs being 80–90%. Nevertheless, photosynthetic rate was also observed to be increased
under high photosynthetic photon flux density (PPFD) of green LEDs in lettuce [69]. High
intensity monochromatic red and blue LED treatments were also found to enhance the rate
of photosynthesis in sunflower [100]. However, less facts are known on the integrity of the
combined effect of green, red and blue LEDs, with less or no experimental evidence avail-
able concerning the expression of multiprotein complexes for the promotion of induction
of photosynthesis.

Muneer et al. [101] worked on Lactuca sativa L. under different light intensities at
three wavelengths of green, red and blue LEDs, and investigated thylakoid multiprotein
complex proteins (MCPs), stomata and other relative photosynthetic parameters. They
observed that lettuce grown solely under a high intensity of blue LED light showed
enhanced photosynthetic parameters including stomatal opening and closing and other
photosynthetic activity than red and green LEDs. However, other than lettuce, several
crops including rice [102] also observed a lower photosynthetic rate when grown under
red LEDs. One of the reasons for this decreased photosynthesis under red LED light
seems to be the changes in thylakoid multiprotein complexes, which are directly associated
with photosynthesis. The decreased chlorophyll and carotenoid content lead to lowered
photosynthesis [75]. It was also observed in their study that the number of stomata
increased more in plants grown under blue LEDs compared to plants grown under low
light intensities and other LEDs, which is in correlation with previous studies [103]. The
closure and reduced number of stomata under red LED light might be due to the defoliation
of leaves under low light intensity during the growth of lettuce [104].

However, until date limited research has been conducted on the expression of thy-
lakoid proteins under different intensities of light and light sources. Several proteins
are involved in the primary reactions of photosynthesis occurring in the thylakoid mem-
brane. Photosynthetic proteins are majorly organized in four multi subunit protein com-
plexes: PSI, PSII, ATP synthase complex and cytochrome b6/f (cyt b6/f) complex [105].
Muneer at al. [101] reported that the expression of PSII-core dimer under blue LEDs was
enhanced in lettuce, whereas it was inhibited under green LED light conditions [106].
The inhibition of PSI and PSII under green LEDs with low light intensity suggests the
involvement of an unidentified protein related to the transport of substances in plants
or due to reduced amounts of core antenna Chl-protein complexes [107]. Additionally,
RuBisCo was expressed more under high blue light intensity, which could be associated
with an increase in the amount of N content accompanied by the induction of chloro-
phyll content, or it might also be due to the wider and thinner expansion of palisade and
sponge parenchyma.

Stomatal opening is regulated by a combination of light intensity and light qual-
ity [101]. Stomata are capable of adjusting their pores rapidly in response to the ever-
changing environment [108,109], and stomatal movement is governed by light [110,111].
Light energy transformation, light signal transduction, membrane ion transport and an
abundance of plasma membrane H+-ATPase (HA) regulate the process of stomatal opening
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or closing [112] in leaves. Overexpression of plasma membrane H+ -ATPase in leaves
promotes stomatal opening induced by light intensity and quality [113], thereby enhancing
plant growth. Previous studies have concluded that plasma membrane H+-ATPase plays a
critical role in regulating stomatal opening [114] and plays a crucial and primary role in
regulating plant growth [115] and responses to environmental stimuli [116]. The opening
and closing of stomatal guard cells are regulated by phototropins present in stomatal guard
cells in response to blue light stimuli [117] to allow the uptake of CO2 to facilitate photo-
synthesis [112,118], which further leads to transpirational loss of water through leaves. In
order to minimize the water loss, guard cells tend to close the stomatal pore during heavy
sunlight or other high light conditions. Distinctive mechanisms underlie the opening and
closing of stomata at different light wavelengths [110,119].

Hogewoning et al. [21] observed that the stomatal conductance (gs) of cucumber leaves
was highest by 50% under blue light and 50% under red light. Similarly, the highest gs of
lettuce was observed under blue light [120]. Shimazaki et al. [112] also reported that values
of gs in leaves illuminated with a combination of red and blue light are larger than leaves
illuminated under red or blue light alone, which was in agreement with the results reported
by other researchers [21,39,121]. Similarly, cucumbers grown under monochromatic red
light had very low values of gs [21,66] and were in agreement with the results observed
by Wang et al. [120]. Several studies have also observed that stomatal conductance was
significantly influenced by altering the LED treatment in Japanese arrowroot [122] and
lettuce [67,123]. In another study, it was observed that monochromatic blue LEDs and
blue LEDs supplemented with a small ratio of red LED light improved the conductance of
stomata significantly in several plant species, such as chrysanthemum [99], cucumber [21]
and lettuce [101]. The above studies propose the contributions of phytochromes and
cryptochromes in stomatal movements and their opening and closing [124]. The opening
of stomata due to blue light can thus concomitantly subsidize in the improvement of crop
production [21,101]. Goins et al. [96] have also reported that the photosynthetic rates were
higher in leaves of wheat under red and blue LEDs. However, Yorio et al. [67] stated that
photosynthetic rates were not improved when stomatal opening was stimulated under
red LEDs supplemented with blue light. In lettuce, Kim et al. [74] detected that gs was
responsive to the spectral quality of light during growth and, in the short-term, it was not
directly coupled to dry matter growth. In another study, Wang et al. [120] observed that the
photosynthetic rate in lettuce leaves improved with an increase in blue to red LED ratio,
concomitant to an increase in gs and stomatal density. Similar results were also observed
in rice [26] and cucumber [21,39]. Therefore, the effect of blue light and blue to red LED
ratio on leaf photosynthesis and dry matter productivity remains unclear, and we presume
that effects may be species-specific.

The biosynthesis of the three most important plant pigments, namely chlorophylls,
carotenoids and anthocyanins, is light dependent. Chlorophyll is produced by the reduc-
tion of its precursor “protochlorophyllide” only in the occurrence of light [125], whereas
anthocyanin biosynthesis is due to the upstream light-dependent stimulation of “chalcone
synthase” gene expression [126]. Many related studies have been conducted where dif-
ferent combinations of red and blue LEDs resulted in elevated chlorophyll contents in
Chinese cabbage [98], capsicum [62], strawberry [60] and broccoli [127] seedlings. Chloro-
phyll content was found to be highest under pure red LED treatments in kale [57] and
strawberry [60]. The biosynthesis of chlorophyll and other photosynthetic pigments re-
quires different quality and intensity of light. Chlorophyll is one of the basic pigments
and its concentration and composition can directly influence the rate of photosynthe-
sis [128,129]. Wang et al. [64] found that blue light improves the gene expression of MgCH
(Mg-chelatase), GluTR (glutamyltRNA reductase) and FeCH (Ferrochelatase) and they reg-
ulate the synthesis of chlorophyll [130,131], whereas red light on the other hand is not
conducive to the formation of chlorophyll because of the reduction in tetrapyroles precursor
5-aminolevulinic acid [132]. In a study conducted by Fan et al. [94] on chlorophyll biosyn-
thesis in non-heading Chinese cabbage, they came up with similar findings that under red
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light treatment chlorophyll synthesis was lowest, and these results were consistent with
previous studies [131].

Future research should consequently explore effect of supplementary green LED light
with red and blue lighting on the physiological metabolism of plants, such as photosynthe-
sis, and the modulation of secondary metabolism right below and close to the blue light
spectrum. Though not as strongly absorbed by chlorophylls, green light penetrates further
into leaf tissue and is absorbed by chloroplasts in the lower leaf canopy, which in turn
increases photosynthesis. Moreover, flavonoid synthesis under narrow band LED lighting
necessitates closer exploration, as thus far, most research has been related to the use of
UV light and fluorescent light(FL). Supplementary research into the modulatory effect of
LED lighting on the genes responsible for coding key enzymes in biosynthetic pathways,
such as the isoprenoid or phenylpropanoid pathways, will accelerate the development of
microgreens as functional foods.

4. Flowering in Plants under LEDs

Depending on the influence of night length on flowering, plants have been categorized
into various photoperiodic response groups. Most of the floriculture crops belong to one
of the three photoperiodic classes, i.e., long day plants (LDPs), short day plants (SDPs),
and day-neutral plants [133,134]. The plants that are day-neutral can be induced to flower
irrespective of the photoperiod, assuming other environmental and cultural factors are in
favor. However, flowering in LDPs is induced when the night length is shorter than some
critical length, whereas the induction of flowering in SDPs is when night length is longer
than some critical duration [135]. Furthermore, within the photoperiodic classes, plants
can be categorized as qualitative or obligate response (based on whether the photoperiod is
required for flowering) and quantitative or facultative response (if the photoperiod simply
accelerates flowering). Most of the ornamental plants are required to be in flower to be
more marketable, and that too on specific, pre-determined market dates [136]. During
peak sales season, day lengths are often short in temperate regions, and therefore growers
have to resort to creating artificial long days for inducing the flowering of crops that
are photoperiodic and to be ready by the market date. Short day plants are maintained
in a vegetative state by providing artificial long days for the production of vegetative
stem cuttings and for preventing premature flowering. Manipulation of the photoperiod
can help in reducing the production costs as well as the production time, and improve
the overall crop quality [134]. Traditionally, incandescent lamps (INC) have been used
for growing photoperiodic crops. However, the use of incandescent bulbs as a source
of lighting for flowers has been phased out due to their inefficiency (90% of energy is
released as heat), and they have been replaced by the more efficient light emitting diodes
(LEDs) [137]. Thus, LEDs can be useful in creating prescription lighting which is tailored
for SDPs and LDPs to control the flowering process.

The cut flower industry is largely dependent on the ability to strictly control the
flowering of obligate short-day plants such as chrysanthemum, which can be induced
to flower throughout the year. During long day seasons, blackouts can induce flower-
ing, and day length extension or night break illumination with artificial light can inhibit
flowering [138]. In a study where chrysanthemum cuttings were illuminated with blue,
green, red and white LED light, it was seen that blue light supplementation resulted in the
appearance of flower buds in 20.5 days, whereas other LED lights did not induce flowering
even until 35 days [139]. This study also suggested that flowering does not follow the day
length response threshold under blue light supplementation. Similarly, the illumination
of ever bearing strawberry plants HS138 with blue LEDs with a peak wavelength of 450
nm promoted flowering as compared to red LEDs with a peak wavelength of 660 nm [140].
The potency of blue light to promote flowering was further tested by illuminating ever
bearing strawberry plants with blue light of three different wavelengths (405, 450 and
470 nm) and red light of three different wavelengths (630, 660 and 685 nm). The study
reported an increase in flowering from all blue LED wavelengths as compared to red
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LEDs [141]. However, in another study where chrysanthemum “Reagen” was illuminated
with several wavelength of LEDs, the inhibition of flowering was found to happen at a
wavelength of 596 nm (amber light), which reduced the expression of flowering related
genes in chrysanthemum such as Flowering Locus T(FT)-like gene (CmFTL3) [142]. Blue
and far-red light have no effect on the flowering of chrysanthemum [142]. In contrast, a
study by Nissim-levi et al. [137] showed that blue light caused the inhibition of flowering,
but the effect depended on the duration of illumination. On reducing the illumination
duration, blue light appeared to be inefficient in preventing flowering as compared to red
and white light [137]. A similar study on Chenopodium rubrum L supplemented with red
and white light reported that flowering was delayed on the supplementation of red and
white LEDs [143]. More research needs to be undertaken to check whether the increased
intensity of blue light is able to compensate for the duration of lighting and can prevent
flowering under natural shorter lighting hours, and whether this involves CmFTL3.

The inhibition of flowering by LED light is also variety dependent. For example, the
flowering of autumn-flowering chrysanthemum “Jimba” was seen to be inhibited by red
light, but red light had no effect on the summer-to-autumn flowering “Iwa no Hakusen”
variety [144]. Flowering could have been prevented for both cultivars by illumination with
a combination of red and far-red light [144]. The disadvantage of using a single wavelength
is that even a small difference of 10–20 nm can impact the flowering initiation capacity
and other physiological parameters [144]. Therefore, a wide range of LEDs of varied
wavelengths have to be used to identify the optimal wavelength for a particular plant
species. In marigold, the number of visible flower buds was much higher in fluorescent
light plus red LED (FLR) illumination as well as the control (fluorescent light), and it was
fives time greater than that in blue or red LED illumination [62]. Similarly, no flower
bud formation was seen in salvia grown under monochromatic blue or red LEDs [62].
The duration of blooming period in both marigold and salvia was also affected by the
different light qualities [62]. A study on ever bearing strawberry illuminated with blue,
green and red LEDs reported that the blue LEDs resulted in the highest number of flower
clusters, and the red LEDs resulted in the lowest number of flower clusters [145]. Cyclamen
treated with monochromatic blue, red and blue plus red LEDs showed that the number
of flower buds and open flowers in cyclamen were highest in the case of blue plus red
LED treatment as opposed to other LEDs [146]. It is already established that blue and red
light via cryptochromes and phytochromes, respectively, induce the photomorphogenic
response in plants [147], with flowering being a complex phenomenon where light interacts
via photoreceptors and involves endogenous circadian clock and flowering genes [148].
Therefore, the molecular interactions between these elements have to be studied.

Phytohormones also play a crucial role in the flower induction process. In Arabidopsis
thaliana, it was reported that gibberellic acid (GA) induced the signal for flower initia-
tion [149,150]. Similarly, in petunia, light quality was seen to affect the GA content [151].
The role of blue and red light in enhancing and inhibiting shoot elongation via modulating
the GA content was also reported [152]. In contrast, the application of GA did not induce
flowering in petunia under red light [153]. Therefore, GA cannot be appointed as the
major flower imitating hormone. The interaction of light and GA also promoted flowering
measurements of dahlia and Asiatic lily [154]. The interaction of light and GA has been
found to affect similar pathways that are involved in seed germination and dormancy [155].
Hence, it is also imperative that light and GA interact in a similar manner to affect the
pathways involved in growth and flowering. Williams and Morgan [156] reported that
far-red light can induce GA to hasten flowering in sorghum. In a further study, the appli-
cation of cytokinin (CK) was seen to induce flowering in petunia grown under red light.
Fukuda et al. [153] further reported that CK and blue light can induce signals to promote
flowering via floral induction genes. Similarly, Magar et al. [145] reported the activation of
endogenous GA levels under red LEDs, resulting in the inhibition of flowering and the
activation of CK levels by blue LEDs, resulting in an increase in flowering in ever bearing
strawberry [145]. The findings of Lin [157] reported that signals from cryptochromes
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and phytochromes control the floral induction genes FLOWER LOCUS T (FT) and SUP-
PRESSOR OF OVEREXPRESSION OF CONSTANS1 (SOC1) in Arabidopsis. Further, in
Arabidopsis, CK was seen to promote flowering by transcriptional activation of the FT and
SOC1 genes [158]. However, in contrast to red light illumination, blue light was reported
to increase SOC1-like gene expression in petunia [159]. Therefore, it can be said that red
light photoreceptors and phytochromes and blue light photoreceptors and cryptochromes
stimulate the GA and CK activity, respectively, to inhibit/initiate flowering response under
red and blue LEDs, respectively, by the suppression or activation of floral induction genes.
However, the mechanism between light quality and plant hormone metabolism and its
subsequent effect on the flowering of plants is yet to be illustrated. More research has to be
carried out by the use of multi array LED lamps with multiple spectrums in combination
with GA and CK to see its effect on plant growth and flowering, as the aspects change with
change in species.

Supplying artificial light in the middle of the night (night interruption, NI) is known
to regulate the flowering of species sensitive to photoperiods [160,161]. NI delivers pho-
toperiodic lighting by breaking up the long dark period, which leads to an altered long day
condition for plants (LD) [162]. Thus, the introduction of NI in the short day (SD) season is
seen to induce flowering in LDPs, therefore allowing early marketing or seed production
and also delaying the flowering of SD plants in a manner similar to the natural LD condi-
tions [163]. Thus, it can be said that NI induces flowering more effectively than adding the
same quantity or duration of light at the end of the photoperiod [161]. In herbaceous SDPs
such as Dendranthema grandiflorum [164,165] and Kalanchoe blossfeldiana [166], the delaying
of flowering by NI is achieved by halting plants in a vegetative growth stage. NI with low
light intensity induces flowering during the juvenile stage in Cymbidium aloifolium [167].
The response of flowering plants towards the light quality supplied through NI has been
studied in Oryza sativa [168], Arabidopsis thaliana [169], Antirrhinum majus [170], Eustoma
grandiflorum [160], Dendranthema grandiflorum [165,171], Pelargonium hortorum [172], and
Petunia hybrida [161].

In petunia illuminated with white LEDs under long day (LD), short day (SD) and
short day with 4 h night interruption (NI) with blue (NI-B), green (NI-G), red (NI-R),
far-red (NI-Fr) and white (NI-W) LEDs, it was reported that flowering was induced in LD,
NI-G, NI-R, NI-Fr, and NI-W [164]. The flowering percentage was highest in LD (100%),
which was followed by NI-R and NI-Fr (33.3% each) and both NI-G and NI-W with 16.6%
each [161]. The flowering in NI was lower than LD, which can be attributed to the low
light quality used in NI. It was reported earlier that flowering in A. thaliana is delayed
by monochromatic blue light through its influence on cryptochromes [173]. The red light
induced inhibition of flowering is mediated by the red-light pathway, whereas the blue and
far-red pathways are known to mediate the blue or far-red dependent suppression of the
red pathway as well as the blue or far-red dependent promotion of flowering [174]. Far-red,
blue and red LEDs were effective in promoting flowering in A. thaliana in NI experiments;
however, red LEDs were seen to be the least effective [175]. In contrast, Park et al. [161]
reported that green, red, far-red and white LEDs could promote flowering and vice versa
with blue LEDs in an NI experiment. This may be attributed to the differential effects of
light quality on day extension by NI.

In geranium, under different NI treatments such as NI-R, NI-G, NI-B, NI-W, and NI-Fr,
Park et al. [172] reported that all plants flowered in all the treatments, and the percentage of
flowering was not significantly affected by light quality during NI. The number of flowers
per plant was lowest under NI-Fr, the length of flower stalk was highest in NI-B, and
length decreased in NI-W and SD compared to other treatments [172]. NI, when used in
combination with PAR (green, blue, red and white) with photon fluxes lower than the
compensation point, does not necessarily help vegetative growth, but hastens the flowering
even in day neutral plants such as germanium. Further, Park et al. [176] also reported
flowering in chrysanthemum subjected to various NI treatments (NI-R, NI-G, NI-B, NI-W,
NI-Fr), except NI-R treatment shed onto the shoot tip. However, flowering was seen to
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be induced when NI-R was shed onto the youngest mature leaf or old leaves [176]. This
implies that the usual R light suppression of flowering during NI in SD plants may not
be applicable if NI is irradiated on young and old leaves. It was also reported that NI-R
irradiated plants onto the youngest mature leaf had more flowers per plant as compared
to SD. This is explained by the study of Park et al. [177], who stated that when the carbon
demand linked to plant growth is exceeded by the carbohydrate production, a higher
number of flowers per plant is visible due to the fact that vegetative growth is relatively
longer. Kang et al. [178] reported that two varieties of kalanchoe, namely “lipstick” and
“spain”, reacted differently to the NI treatments. The “lipstick” variety showed no flowering
in any of the photoperiodic treatments, whereas the “spain” variety showed differentially
or fully developed flowering in the treatment of NI-B. Further, it has to be seen how
morphogenesis and flowering are affected by NI quality and intensity in other plants as
well. Not only the appropriate quality but the positioning of NI is also important for
optimum flowering and plant growth. Therefore, more practical consideration has to be
given to the NI strategy.

Theoretically, flowering is induced when one or more of the flowering promoter genes
(PHYA and CRY1) are expressed in high levels [179]. The perception of blue light signal by
CRY1 or CRY2 in Arabidopsis thaliana stimulates the expression of FT and SUPPRESSOR OF
OVEREXPRESSION OF CO 1 (SOC1) by increasing CONSTANS (CO) protein stabilization,
which is known to cause meristematic tissues to differentiate and lead to early flower-
ing [180]. Florigen is the hypothetical signal that arises from the leaf, causing the initiation
of shoot apex flowering [181]. Flowers are seen to bloom early if the “gene switch” for initi-
ating floral buds is turned on by a specific light quality [176]. In a study on Petunia hybrida,
Park et al. [161] reported that phyA, phyB and cry1 genes were highly expressed in the NI-G,
NI-B, and NI-R compared to LD and SD, which acted as the positive and negative control,
respectively. Similarly, the expression of cry1, FTL, and AFT was high under NI-B, NI-R
and NI-Fr, suggesting that flowering induction is dependent on the differential expression
of the flower induction genes [161]. Similarly, in geranium, whose flowering is highly light
sensitive, it was observed that under normal LD, the photoreceptor genes phyA, cry1 and
AFT were highly expressed, except phyB and FTL [172]. Additionally, the expression of
phyA, phyB, cry1, AFT and FTL was significantly higher in NI treatment with different light
qualities, except under NI-B. In NI-B treatment, the expression of phyA, phyB, cry1, AFT, and
FTL was lower than under LD [172]. The expression of these genes under NI conditions
indicates that genes are activated during the night, and the transcription factors may assert
a role in it by being involved in the light-dependent/independent phase of photochemical
reactions. Additionally, it can be seen that NI could induce photoreceptor gene expression
and/or induce stress response in plants, which was observed under NI-B, where the ex-
pression of photoreceptor genes was not seen [172]. Higuchi et al. [138] reported that NI-Fr
treatment in chrysanthemum reversed the flowering response initiated by NI-R. The role
of phyB in the inhibition of flowering in plants under NI-R and the subsequent reversion
of flowering response by NI-Fr in chrysanthemum were also reported [171]. Higuchi
et al. [172] also reported that knockdown of phyB led to an increase in the upregulation
of the flower inducer (florigen) and the downregulation of the flowering inhibitor (anti-
florigen), and led to an early flowering response in chrysanthemum. In another study on
chrysanthemum, it was reported that the transcriptional factor phyA was slightly increased
in treatments under LD, NI-B, NI-Fr and NI-W, which showed flowering responses (Park
et al., 2019a). However, the expression of cry1, phyB and TFL was not significant. The low
expression of these genes may be attributed to the combined effect of these genes with
flower inhibiting genes, namely anti-florigenic FT/TFL1 family protein (AFT). Despite the
high level of expression of phyA, the non-flowering of LD treatment may be due to the
higher expression levels of phyB and TFL in this treatment [176], since phyB is known to act
with phyD and phyE in a partially redundant manner so as to induce R light dependent
flowering inhibition [182]. However, cry1 and cry2 are known to act redundantly in medi-
ating the blue light dependent initiation of flowering [174]. Park et al. [183] reported that,
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in chrysanthemum, NI-B treatment induced flowering with higher levels of expression of
photoreceptor genes such as phyA, cry1, and FT, probably due to the presence of flowering
inhibitor genes phyB and AFT at lower levels. Flowering observed in NI-Fr treatment with
high levels of phyB and AFT is attributed to the presence of a high expression of FT in this
treatment. However, the high expression levels of phyB in NI-G, NI-W and NI-R treatments
explain the lack of flowering in these conditions [183]. The explanations for this may be
the difference in genotype used, the experimental environment, the sample collection time,
the plant part from which the sample was collected, etc. The genetic mechanism that is
involved between the light quality and gene expression leading to flowering has to be
elucidated. A diagrammatic representation of the possible effects of different LED lights
on the gene expression of flowering genes and the effect of NI by various LEDs on the
expression of flowering genes is shown in Figure 2.

Figure 2. Effect of blue and red LEDs on the expression of flowering genes and their correlation with
the phytohormone cytokinin and gibberellins in inducing early flowering in plants. The effect of
night interruption by different wavelengths of LEDs as shown in the figure also leads to expression
of flowering genes. However, phyB is sometimes seen to inhibit flowering by the interplay of phyD

and phyE, which is, however, inhibited by the increased expression of FT gene under NI by far-red
LED. Additionally, the presence of phyB and AFT genes in lower amounts allows the overexpression
of cry1 and cry1 genes, which leads to flowering in plants. (NI indicates night interruption; Phy
indicates phytochrome; Cry indicates cryptochrome; FT indicates flowering locus; AFT indicates
antiflorigen; SOC indicates suppressor of cytokine).

5. Impact of LEDs on Secondary Metabolites of Plants and Their Subsequent
Antioxidant Capacities

The generation of free radicals in plants is synonymous to the occurrence of oxidative
damage. This, however, is delayed or inhibited by compounds known as plant secondary
metabolites [184]. Secondary metabolites of plants exist in a strong intermolecular cova-
lently bound form with long chain polymers [185]. A diet which includes a high amount of
bioactive phytochemicals acts as a potential countermeasure to curb the dose of oxidative
compounds and simultaneously induces oxidative damage repair in tissue in situ [186,187].
Recent research has been performed in establishing the efficiency of dietary antioxidants
in moderating cellular level responses of the immune system and inflammation in animal
models and human trials [188]. Light is known to stimulate the activation of enzymes and
regulate their synthesis pathways, such as PAL (phenylalanine ammonia-lyase) activity
in phenyl propanoid pathways, which are anticipated to promote the accumulation of
bioactive compounds in plants [189]. Light, being the only source of energy for photosyn-
thesis, drives the photosynthetic biosynthesis and photomorphogenesis [25]. Furthermore,
the relation between phytochemical biosynthesis and photosynthates amount is well es-
tablished [65]. Hence, rational light conditions are very essential for the accumulation of
bioactive compounds [7].
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The presence of specific photoreceptors in plants is meant to either harvest light en-
ergy for driving photosynthesis or to respond to changes in the quality and quantity of
light [127]. Specific genes encode specific photoreceptors; a similarity of high degree is,
however, seen amongst photoreceptors of the same family [190]. Photoreceptors affect
plant morphology and development include phytochromes (PHYA and PHYE), cryp-
tochromes (CRY1 to CRY3), phototropins (PHOT1 and PHOT2) and UV-B resistance locus 8
(UVR8). The synthesis of phytochemicals [50] and the controlling of plant physiological
responses [191] are under the influence of phytochromes, whereas processes such as the
regulation of stomatal opening, the production of biomass and the biosynthesis of antho-
cyanins [31], carotenoids [192], and chlorophyll [193] molecules are under the influence
of plant cryptochromes. The downregulation of LeHY5 (positive regulator for fruit pig-
mentation) results in defective light responses in plants, such as the inhibition of seedling
photomorphogenesis, loss of thylakoidal organization and a reduction in the accumulation
of carotenoids [194]. Conversely, the downregulation of LeCOP1LIKE (negative regulator
of fruit pigmentation) expression leads to overstated photomorphogenesis, dark green
leaves and the elevation of fruit carotenoid levels [195]. Therefore, the effect of such signal
transduction genes can be allocated to enhance the nutritional value and quality of fruits,
affecting the phenotype expression, physiological metabolism and antioxidant activity.
However, it is necessary that more research must be carried out to find out the effect of
individual or combined wavelengths of light on the expression of signal transduction genes
to elucidate a universal pathway.

For minimizing oxidative stress in systemic tissues, detoxifying mechanisms devel-
oped by plants comprise of antioxidants and reactive oxygen species (ROS) scavengers
such as superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), and per-
oxidase [196]. Lettuce varieties supplemented with short term red light (638 nm) possessed
substantial antioxidant capacity, and the effect of supplemental light was variety depen-
dent [9]. However, a long duration of LED lighting can also put plants under stress [197].
The level of accumulation of antioxidants in lettuce leaves is a determinant of the sensitivity
of different varieties of lettuce towards supplemental light. Similarly, the total phenol and
free radical scavenging activity of rice hull increased on irradiation with far-infra red light,
resulting in increased antioxidant activity [198]. Meir et al. [199] reported that the reduction
in peroxide level is due to the strong reducing power in tissues, which also enhances the
antioxidant activity. The availability of a variety of natural antioxidants such as vitamin C,
anthocyanin, phenolic compounds and their synergistic interaction causes the enhancement
of antioxidant effectiveness of natural antioxidants. Osmoprotectants such as proline also
play a role in regulating oxidative stress by keeping the concentration of ROS within a
compatible range for the plants under stress [200]. Blue light increases the accumulation of
proline in tomato as compared to red and green light-treatments for 21 days. The amount
of polyphenol compounds and ROS scavenging enzymes in tomato also increases in blue
light treatment as compared to red and green light treatments [11]. In basil, blue LED
light enhanced secondary metabolites such as total ascorbate, total phenolic compounds,
anthocyanin, flavonoid content, and antioxidant capacity [201]. Photosynthetic pigments
absorb blue light more efficiently than other wavelengths of light [202]. A short-term
exposure to blue light before sunrise can effectively improve the quality and promote
the production of strawberry plants [203]. However, the blue light activated signaling
pathways involved need to be elucidated to understand developmental modifications in
plants towards a particular wavelength of light.

Carotenoids are secondary metabolites that are vital pigments of plants, function-
ing as antenna pigments and thereby minimizing damage from the active triplet state of
chlorophyll to the photosynthetic components [204]. Carotenoids have an important role
as photosensitizers as they scavenge the reactive oxygen species produced in plants [205].
Based on their structures, carotenoids are classified into two groups: carotenes, which
contain hydrogen and carbon and are thus hydrocarbons (e.g., β-carotene and lycopene),
and xanthophylls, which have additional oxygen atoms (e.g., lutein, neoxanthin, zeaxan-
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thin, and violaxanthin) [206]. The two main components of carotenoids, which include
lutein and β-carotene, have roles in curing age-related eye diseases, cardiovascular dis-
eases and lung cancer [207,208]. Although the prevalence of zeaxanthin is only in minor
concentrations, it combines with lutein in leaf tissues to perform an important antioxidant
role [209]. Therefore, the consumption of vegetables rich in carotenoids is recommended
for the healthy functioning of the body. Supplemental blue light increases the ascorbic acid
content in lettuce [210]. In baby leaf lettuce, supplemental blue or UVA light for a short
period enhances anthocyanin accumulation, whereas supplemental blue light increases the
concentration of carotenoids (lutein and β-carotene) and supplemental red light increases
phenolic compounds, whereas supplemental far-red light increases biomass but reduces the
concentration of phytochemicals [31]. Therefore, an appropriate ratio of blue, red or far-red
light has to be devised so as to obtain an optimum content of phytochemicals and biomass
of plants grown under white light. Additionally, the different ratios obtained have to be
tested upon plants in both greenhouses and growth chambers to identify where the differ-
ence of effect lies and whether the LED source of light is more efficient than conventional
ones. In contrast, cucumber seedlings grown in greenhouses with red or yellow LED light
irradiation showed an increased concentration of carotenoids [64]. Pea seedlings irradiated
with red light had a significant increase in β-carotene concentration, and the Trolox equiva-
lent antioxidant capacity (TEAC) value of pea seedlings radiated under red light was the
highest as compared to blue, white and dark light, suggesting that the antioxidant capacity
of pea seedlings was enhanced under red light irradiation [65]. Red and blue light also in-
creased lutein and β-carotene biosynthesis in kale, thus increasing their concentrations [57].
Thirty-three percent of blue light irradiation to mustard, beet, and parsley microgreens
showed the highest content of carotenoids (lutein, neoxanthin, violaxanthin, and α- and β-
carotene) as compared to 8, 16 and 25% of blue light. However, the content of α- tocopherol
showed an increase at a rather lower dosage (162) of blue light [193]. This highlighted the
effect of increased light intensity affecting the biochemical transformation of one pigment
to another, such as violaxanthin into zeaxanthin, thus ultimately influencing the carotenoid
content [211]. A correlation between blue light supplementation and the accumulation of
carotenoids has been reported in green leafy vegetables [212]. Carotenoid content in 15d
pre harvest kale shoots was found to be improved under red: blue light as compared to that
under white light supplementation [213]. Moreover, in mustard microgreens, green light
in addition to red and blue light also showed a positive effect on the lutein/zeaxanthin
ratio and β-carotene content [54,55]. The evidence showed that light intensity may also be
equally important to light quality in carotenoid biosynthesis [55,213]. Understanding this
will help researchers to identify and prioritize gaps for future research, especially on the
influence of specific monochromatic LED lights on gene expression, phenolic compounds
and carotenoid compounds.

Phenolic compounds are a major class of secondary metabolites in plants that are
further grouped into phenolic acids and polyphenols, which are found combined with
mono and polysaccharides, linked to one or more phenolic group, or can be found as
derivatives, such as esters or methyl esters [131]. Members of phenolic compounds such
as flavonoids, phenolic acids and tannins are designated as the main dietary phenolic
compounds [214]. Various studies have correlated phenolic compound content to the
antioxidant potential of fruits and vegetables [215,216]. The mode of action of phenolic
compounds is either functioning as direct antioxidants or modulating the efficacy and
production of other antioxidant compounds that are present in the body [217]. The ability
of phenolic compounds to confer antioxidant capacity to plants is attributed to the capacity
of scavenging free radicals, the donation of hydrogen atoms, electrons, or in chelating
metal cations [218]. The supplementation of red: blue light in red leaf basil microgreens
results in a 4–5-fold increase in the synthesis of caffeic acid and rosmaric acid, respectively,
as compared to white LED light [219]. In lettuce, chlorogenic acid synthesis, which occurs
via the cryptochrome-mediated pathway, was more effective under red light than blue
light [54]. The same study also reported an increasing synthesis of chlorogenic acid on
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increasing intensity of light, irrespective of it being red and blue light. In pea sprouts,
blue light was reported to increase the concentration of phenolic compounds such as
hydroxybenzoic acids (Gallic, o-phthalic, and p-hydroxbenzoic) and heterocyclic amines
(chlorogenic acid CGA, caffeic, p-coumaric, and ferulic); three flavonoids (rutin, phloridzin,
and kaempferol); and resveratrol [220]. In another study by Nam et al. [221], blue light
was found to be more efficient at increasing the total phenolic compounds (TPC), total
flavonoid content (TFC), anthocyanin content and antioxidant capacity in common buck
wheat sprouts. These results are concordant with the studies that suggested that blue LED
light has a key role in enhancing the synthesis of phenolic compounds [222].

Several studies have projected blue light as the most effective lighting source for the
synthesis of flavonoid compounds by the stimulation of PAL, CHS (chalcone synthesis),
and DFR (dihydroflavonol-4-reductase) and gene expression [223]. Soybean sprouts grown
under LED lighting conditions were found to contain high isoflavones content as compared
to those grown under fluorescent light [224]. This was later confirmed by Azad et al. [202],
who reported that blue light is the best for the accumulation of secondary metabolites
(isoflavones, such as daidzin, glycitin, genistin, daidzein, glycerin, and genistein) in plants,
thus enhancing the antioxidant activity in soybean sprouts. Another study on a medicinal
tea in china, Cyclocarya paliurus, supplemented with four different LED lights, viz. blue,
red, green and white, showed that blue light was able to cause the maximum accumulation
of flavonoids such as kaempferol, isoquercetin and quercetin as compared to other wave-
lengths of light [225]. The gene expression of key enzymes (PAL, 4CL and CHS) involved
in phytochemical biosynthesis and their relation to flavonoid content in leaves have been
reported, throwing light on the modulatory effect that LEDs might have had on the genes
coding these enzymes [225]. To understand the modulatory influence of LED lights on
gene expressions such as gene coding enzymes in biosynthetic pathways will categorically
help to reveal the mechanisms behind the increased or altered levels of phytochemicals
and the development of antioxidant-rich vegetables solely by the use of LED light.

Moreover, anthocyanins are known to be a subgroup of flavonoids and are pigments
conferring red, purple, and blue colors to the plants, and they are commonly associated
with sugars such as gylcosides; however, aglycones (anthocyanidins) also exist [208]. The
capacity of anthocyanin to absorb oxygen radicals is almost four times greater than that of
vitamin E and ascorbic acid [226]. Despite their health benefits, anthocyanins also indicate
the quality of commercial fruits, vegetables and ornamentals [34]. Anthocyanins have
strong anti-inflammatory potential, contributing towards improved gut immunity and
health [195]. They play a key role in photosynthesis to protect plants against excessive
light [227]. Light is a prerequisite for anthocyanin accumulation, wherein different spectral
qualities are known for modulating its synthesis [228]. Studies have emphasized the
importance of blue light in modulating the synthesis of anthocyanin [31]. In support of
this, tomato plants supplemented with blue light were seen to accumulate a high amount
of anthocyanin [29]. However, the cryptochrome-mediated regulation of anthocyanin
synthesis has the requirement of active phytochrome for full expression, which, however,
can be met by lower levels of phytochrome A or phytochrome B [229]. Therefore, the
possibility of other wavelengths of LED light influencing anthocyanin synthesis cannot
be understated [6,7]. A study was carried out on cabbage varieties “Kinshun” and “Red
Rookie” seedlings to study the effects of blue, blue-green, green and red LED lights on the
biosynthesis of phytochemicals. It was found that red light increased the total anthocyanin
content in “red rookie”, whereas the anthocyanin content in “Kinshun” remained the same
regardless of the light quality [58]. A general trend of the positive effect of supplemental
LED light on the anthocyanin concentration in red and light-green leaf lettuce was found
to be of the order 505 > 455 > 470 > 535 nm [43], which was in concordance with the study
of Zhang and Folta [230], who reported the reversal of the effect of the blue light-induced
accumulation of anthocyanin by green light. Similarly, green LED light was reported to
decrease blue light-induced anthocyanin accumulation, while far-red and blue light were
able to enhance anthocyanin accumulation with increasing intensity in kale, broccoli and
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beet microgreens [127]. This was further established by a study on Arabidopsis thaliana,
where it was established that CRY1 activated by blue light can initiate flavosemiquinone
signaling states, which are converted to an inactive form by green light [23].

The concept of controlled environmental agriculture has also attracted the use of LEDs
in space farming in order to be self-sufficient during long duration space flights. In this
regard, the benefits of growing leafy vegetables under LEDs for the dietary well-being
of astronauts during outer space exploration programs cannot be undermined. As the
astronauts often come across various radiations such as solar protons and helium ions
beyond Earth’s magnetosphere, galactic cosmic ray high atomic number (HZE) particles
and high proton fluxes form solar proton events, and this may cause numerous health issues
leading to the risk of cancer in astronauts [231]. However, the consumption of naturally
available antioxidants is known to surpass the radiation effect and can be entrusted to be
effective in enhancing healing from oxidative damage [232]. Anthocyanin, a member of
the flavonoid family, is ranked to be of high antioxidant capacity. Stutte et al. [35] studied
the effect of LEDs on the anthocyanin content and the consequent antioxidant potential
of red leaf lettuce. They found that the plants growing under LEDs were 30% larger in
total biomass as compared to fluorescent lamps. Furthermore, the anthocyanin content was
found to be higher in the red and blue combination as compared to the other combinations
of spectral light. Similarly, the antioxidants also increased by 20% on the addition of blue
light to the spectral combination. Thus, the study suggested that the bio protectant abilities
of red leaf lettuce can be improved by spectral adjustments, hinting towards the potential
of using LED lighting for improving the bio protectant capabilities of leafy vegetables for
consumption during long duration space flights. However, photo regulatory control of
the synthesis and degradation of flavonoids that presume bio protective properties has to
be identified.

6. Conclusions

Light is considered to be the primary environmental factor that regulates the growth,
development, pigmentation and morphogenesis of plants. When the availability of light
is limited due to geographical location, climate or outdated facilities, the demand for a
controlled environment for agriculture arises, which is met by the use of LEDs as artificial
lighting sources for plant growth and development. The use of LEDs has seen a tremendous
jump amongst plant growers due to their efficiency and the low cost of operations. Blue,
red, green, and far-red wavelengths of LEDs have been seen to positively affect the mor-
phology, photosynthetic efficiency, and flowering in plants in addition to the production
of secondary metabolites, thereby protecting plants against oxidative stress. However,
different researchers resort to using different recipes of wavelengths across different species
to obtain optimum results, and the results vary across and within species. Thus, a combined
LED light recipe has to be obtained which will give growers a better and detailed idea of
the different wavelengths and intensities of light to be used. Furthermore, the role of LEDs
has been linked to the activation or suppression of genes related to varied functions, such
as bioactive compound synthesis, the induction or inhibition of flowering, etc. However,
the mechanisms behind these interactions between LED wavelengths and genes have to
be elucidated such that there is scope for the alteration or manipulation of such genes to
improve the productivity and quality of crops grown under a variety of LED illuminations.
In conclusion, LED technology holds the key to the future revolution in plant growth
and development.
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