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Abstract:

Background: Sprouts and microgreens, which are tender, fldugurch in nutrients,
have a short growth cycle, and have been recogmigdédnctional foods in the human
diet. Culturing under artificial light sources cdulregulate the growth, the
phytochemical compound content and antioxidantc&paf sprouts and microgreens.
Scope and Approach: In this review, the effects of light-emitting diodeED) on
growth, phytochemical compound content and ant@mtidcapacity, as well as the
post-harvest quality of sprouts and microgreenseweeerviewed, and the underlying
mechanisms were discussed. The future applicatamts research, which aim to
improve the growth and nutritional quality of spi®wnd microgreens, were also
investigated.

Key Findings and Conclusions: LED light can promote the accumulation of diffetren
phytochemicals, such as phenolic compounds, vitsngiucosinolates, chlorophyli
and carotenoids. Meanwhile, the antioxidant capacduld also be significantly
increased by growth under LED light, in particlldv-B light. The accumulation of
mineral elements (G5 F&*, K*) increased after light exposure. The effects oDLE
light on the growth was species dependent. Thexefmowth under LED light is an
efficient and promising strategy for producing spgsoand microgreens with higher

nutritional values.

Keywords. sprouts; microgreens; light-emitting diode (LEDytnition quality; light;

functional foods
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1. Introduction

Vegetables are rich in phytonutrients and dietérgrs, which are indispensable
and beneficial for the human body. Recent researchave shown that regular intake
of vegetables is associated with a reduced risklredsses, such as cardiovascular
disease and cancer (Aune, et al., 2017; Moore &igsmn, 2015). Over the past two
decades, the interest in fresh, nutritional ancdwoigvegetables has increased as living
standards have risen. In such cases, sprouts arrdgréens are gaining increasing
popularity. According to the recently published i) the definition of sprouts is “the
product obtained from the germination of seeds thedr development in water or
another medium, harvested before the developmeniefeaves and which is intended
to be eaten whole, including the seed” (Di Gioi@nRa, & Santamaria, 2017). While,
microgreens are defined as “tender immature gregrmjuced from the seeds of
vegetables and herbs, having two fully developdgledon leaves with or without the
emergence of a rudimentary pair of first true ledvXiao, Lester, Luo, & Wang,
2012). There is a large variety of sprouts and agiegens, among which legumes (e.g.
soybean, pea, cowpea, etc.) 8ndssicaspecies (e.g. radish, broccoli, red pak choi and

buckwheat, etc.) sprouts and microgreens are ttst coonmonly consumed.

One common feature of sprouts and microgreensaisttiey are both young and
tender edible seedlings produced from the seedegdtables, herbs, or grains (The
production methods of sprouts and microgreens waremarised in Supplemental
methods and Figure 1) (Renna, Castellino, Leoniadtso, & Santamaria, 2018).
During seed germination, a series of physiologazal biochemical processes occur:
(1) the imbibed seeds germinate, the radicle apddntyl elongate and the cotyledon

expands; (2) the content of anti-nutritional fastatecreases (Bora, 2014); (3)
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macromolecules (such as polysaccharides and fats)transformed into small

molecules (such as oligosaccharides and free am@nds), which increases their
digestibility (Marton, Mandoki, Csapodkiss, & Csaii)10); and (4) the content of
bioactive phytochemicals and the antioxidant capancreases (Di Gioia, Renna, &
Santamaria, 2017). The nutrients of sprouts andagieens include, but are not
limited to, proteins, vitamins, phenolics, carotieisp glucosinolate and minerals (Di
Gioia, Renna, & Santamaria, 20Ebert, 2012). It is worth noting that the conteht o
bioactive compounds in sprouts and microgreensigieer than those of their mature
counterparts (Kyriacou, et al., 2016).

Light is one of the most important environmenta&tdas for plants, as it provides
not only the source of energy for photosynthesisatao the signal for a multitude of
physiological responses. Light quality (wavelengthight quantity (intensity),
direction and photoperiod (duration) are key congos of light conditions (Ding, et
al., 2011; Kami, Lorrain, Hornitschek, & Fankhays#10). The use of artificial light
sources (e.g. fluorescent lamps, halogen light, Ligbt and high-pressure sodium
lamps), which emit photons over a spectral rangeaf250 nm to 750 nm, make the
study of the effects of light on the nutrient qtyabf sprouts and microgreens more
convenient and the results more conclusive. Regeaalincreased number of studies
have demonstrated the beneficial effects of LEDtlign plant growth and quality of
crops, including the accumulation of phytonutrieirs sprouts and microgreens
(Ciska, Honke, & Koztowska, 2008; Peng, Zou, Su,n,F& Zhao, 2015;

Pérez-Balibrea, Moreno, & Garcia-Viguera, 2008; Miat al., 2016; Samuolién
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Giede, et al., 2017). Compared with conventiofight sources, LED light offers
cheap, cool and controllable sources of light et selectively and quantitatively
provide different spectra. LEDs provide photons tth@n activate discrete
developmental pathways to change plant growth [ead.area, thickness, stem length)
and quality (e.g. metabolites) through photoreaesptimclude phytochrome and
cryptochrome (Folta & Carvalho, 2015; Folta & Cleitd, 2008; Heijde & Ulm, 2012;
Quiail, 2002; Smith, 2000). Therefore, this provideswith a new opportunity to
manipulate the quality and quantity of vegetabledpcts for markets and meet the
demands of retailers.

Here we have reviewed the most relevant progressudes, from 2005 to date,
investigating the regulation of growth and nutrigoglity of sprouts and microgreens
grown under light-controlled environments. The chje of this study was to 1)
summarise the effects of LED light (including othemtificial lights) on growth,
phytochemical compound content and antioxidant cfpaof sprouts and
microgreens; 2) discuss the underlying mechanisB)s;assess the application
potential and prospect of LED light in the prodaatiof sprouts and microgreens.

1.1 Theartificial lighting systemsin sprouts and microgreens production

The main light sources in sprouts or microgreerdpetion are artificial lights,
including high-pressure sodium lamps (HPSs), flesceat lamps (FLs) and
light-emitting diodes (LEDs), among others (Bangs,al., 2018). HPSs, with their
high electrical efficiencies, long operating lifadaa wide spectrum of light, are the

most common artificial light sources used for thiture of many plant species in
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greenhouses (Islam, et al., 2012). FLs are widegduin growth chambers. When
used as additional light sources, FLs can provig&tasned photosynthetic photon
fluence which is necessary for high productivityaf(ko, Heydarizadeh, Schoefs, &
Sabzalian, 2014). However, HPSs and FLs both herreus limitations. For example,
HPSs require high voltage and emit intense radiaat, in addition, they also contain
only 5% blue light, which is low compared to natwanlight (18% blue light) (Islam,
et al., 2012). While FLs have limited photon oufpess than ideal energy conversion
to light and a short effective lifespan (Rehmanalet 2017). These features bring
several problems, in respect to the way the plgrdss and develop, or overheating
due to infrared radiation (D'Souza, Yuk, Khoo, &azih 2015). In contrast, LEDs
possess unique properties that are highly suitédrehorticulture, including low
radiant heat emissions; high emissions of monochtiemight; photon efficiency;
long life expectancy, and flexibility, as well deetability to be pulsate (D'Souza, Yuk,
Khoo, & Zhou, 2015; Yeh & Chung, 2009). TherefoleDs have received
widespread attention and have been widely usedaimt factory and other controlled
environment chambers.

1.2 The LED light spectra and plant photoreceptors

The range of wavelengths which modify the behawbmplants ranges from
ultraviolet (UV) light (~280 nm) to far-red lighZ7Q0-750 nm) (Figure 2) (Kami, et
al., 2010; Rizzini, et al., 2011). Photoreceptavhich can sense a range of light
wavelengths, help plants to sense and utilize tadiafrom near UV (~350nm)

through the blue to red/far-red (~750nm) light (Mélg, Yang, Ayers, & Moffat,
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2010). Blue (~450nm) and red (~650nm) light arersity absorbed by plants, while
green (~530 nm) and far-red (~735 nm) light areeotéd a large extent (Kami, et al.,
2010). Red/far-red light receptors phytochromes, -AdMue light receptors
phototropins, cryptochromes and ZEITLUPE family teios, as well as UV-B
receptors UV RESPONSE LOCUS 8 (UVR8), form the e¢hreain systems that
respond to light signals in plants (Chen, Choryi-&khauser, 2004; Rizzini, et al.,
2011). In plants, there are two interconvertiblenfe of phytochromes: a red
light-absorbing Pr form and a far-red light-absogoiPfr form (Chen, Chory, &
Fankhauser, 2004). Phytochromes have roles in gesdination, shade-avoidance
responses, seedling development and floral indu¢iMeazzella, Cerdan, Staneloni, &
Casal, 2001; Neff, Fankhauser, & Chory, 2000). Amabidopsis thaliana
phototropins are responsible for phototropism (&okiinoshita, Takemiya, Doi, &
Shimazaki, 2008), while cryptochromes are respdas$dy flowering, the entrainment
of the circadian clock, the regulation of stomajaéning and root development (Li &
Yang, 2007). UVR8 regulates a range of UV-B respensncluding flavonoid
biosynthesis, hypocotyl growth inhibition and leadll expansion (Jenkins, 2014).
Although the specific green light photoreceptor a@m to be identified in higher
plants, the effects of green light on plant growtiould not be ignored. Increasing
evidences have shown the role of green light intgdymthesis and metabolism in
plants. For instance, addition of small portiongodéen light (~20%) has been shown
to enhance plant growth as green light penetra¢epeat into the plant canopy and

enhances photosynthesis at lower leaf levels (Kdmins, Wheeler, & Sager, 2004).
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Therefore, an intricate photosensory system maywoconjunction to control plant
physiological responses in response to spectrditguatensity and duration (Neff,
Fankhauser, & Chory, 2000). The downstream sigmaltomponents that interact
with the photoreceptors remained to be graduaéwniified.

LEDs emit light with a narrow-brand wavelength, wahidepends on the
properties of the semiconductor materials of theiads. With the improvement of
semiconductor technology, the peak emission wagdhenf LED ranges from UV
(~250 nm) to infrared (~1000 nm) (Olle & VirSileQ23). In other words, LED light
could emit both broad-band light (white light) antbnochromatic light (e.g., UV,
blue, green, red and far-red light). When multipleEDs are combined,
monochromatic lights with different intensities ar combination of light with
different spectral compositions could be emittelderEfore, the accurate and flexible
light spectra control ability of LEDs allows it fgrovide optimal light wavelengths
that match the plant photoreceptors and photostiothggments, and may contribute
to optimize plant growth and metabolism.

1.3 Light spectra and intensity change photosynthesis

Photosynthesis is a process to convert light engriggtons) to biomass in plant,
in which light intensity and spectra play fundanaéntroles. The highest
photosynthesis and productivity of plants could dmhieved at appropriate light
intensity. When light intensity is lower than a te@m compensation intensity,
photosynthesis will be exceeded by respiration, #red plants will become a net

consumer of oxygen. However, the photosynthesisemah plant growth could be
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damaged with the increase of light intensity, du¢hte photoinhibition (Ooms, Dinh,
Sargent, & Sinton, 2016).

The most important light region for photosynthdsig00 to 700 nm, known as
photosynthetically active radiation (PAR). Due be temitting of narrow wave band
lights, the flexibility to control light spectralomposition and the high PAR
conversion efficiency (Both, et al., 2017), LED® grerceived as tailor-made light
sources and widely employed in analyzing photossgithunder different light spectra.
It has long been known that blue and red lightaegiare most efficiently absorbed
by chlorophylls, the primary photosynthetic pignsentluring the photosynthetic
processes (Chen & Blankenship, 2011). Therefoik,ared blue lights are currently
two types of light spectra that have been mostistudn plant photobiology . Red
light was reported to promote photosynthesis amgtagive growth by increasing the
content of chlorophyll, promoting the formation photosynthetic apparatus and
probably by inducing stomatal opening (Zhu, GenbalGavorty, Guan, Chen, &
Assmann, 2019; Wang, Lu, Tong, & Yang, 2016).Howeyeolonged red light
illumination may result in ‘red light syndrome’, veh is characterized by low
photosynthetic capacity, low maximum quantum yiefdchlorophyll fluorescence
(Fv/Fm), low carbohydrate content accumulation and ingghigrowth (Miao, Chen,
Qu, Gao, & Hou, 2019)). Blue light, which is stropgabsorbed by carotenoid
pigments (lutein anfl-carotene), was reported to increase the chlorbpbytent and
chlorophyll a/b ratio, promote stomatal openingnteol the integrity of chloroplast

protein, and enhandev/Fm (Huché-Thélier, et al., 2016) . Meanwhile, manydss
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showed that an optimized red: blue light ratio mibg more beneficial for
photosynthesis. For instance, the net photosythate increased upon the decrease
of the red: blue ratio (Nanya, Ishigami, HikosakaGoto, 2012), and the impaired
photosynthetic parameters and chloroplast develapmduced by red light could be
alleviated by adding blue light (Miao, Chen, Qu0G& Hou, 2019).

On the other hand, other lights with wavelengthiside the red and blue light regions
were also reported to play considerable roles intgdynthesis, which was once
neglected. For example, green light was once ighbeeause it is absorbed weakly by
the chlorophylls. The literature recently showeat tireen light could penetrate the leaf
further than blue and red light, increasing carfixation and maybe yield (Terashima,
Fujita, Inoue, Chow, & Oguchi, 2009; Terashima,ifaJjinoue, Chow, & Oguchi,
2009; Smith, Mcausland, & Murchie, 2017). Moreowgreen light could also reverse
UV-B and blue light-mediated stomatal opening (®miMcausland, & Murchie,
2017). Similarly, far-red light has long been colesed as photosynthetically
inefficient radiation, due to its poor ability inridng photosynthetic reaction.
However, far-red light was now reported to be nawve in enhancing photochemical
efficiency than commonly believed, because of §reeristic effect between far-red
light and light with shorter wavelengths (Zhen &warsel, 2017; Zhen, Haidekker, &
van lersel, 2019). UV light was traditionally cotsied harmful for photosynthesis,
while the recent studies have changed this stgoeotlthough, high UV radiation
could impair the biosynthesis of carotenoids andhaige the photosystem Il, a
moderate UV dose might have positive effects ontggdymthesis by inducing the
biosynthesis of flavonoids with photoprotective idty (Johnson & Day, 2010

Verdaguer, Jansen, Llorens, Morales, & Neugart, 72@uidi, et al., 2016).
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Understanding the physiological responses indugedtler lights (not only red and
blue light) will expand our knowledge about howfelieént portions of the light
spectrum independently or cooperatively regulaa@tainorphogenesis, which can lead
to the optimization of crop growth. The effects of LED light on the growth of

sprouts and microgreens

Photomorphogenic process, which is a default dewedémtal process for the
light-grown seedlings, is triggered by light in gpts and microgreens during their
development from seeds to edible vegetable prodiuratseasing numbers of studies
have revealed the vital role of light signals oa growth of sprouts and microgreens
(Table S1). Hypocotyls are one of the main edildagof sprouts and microgreens,
and the growth of hypocotyls could be affected hifiaal lights. For instance, FLs
light exposure was reported has negative effecteypocotyl elongation. Compared
with the dark conditions, illuminating with FLs hgsignificantly reduced hypocotyl
length of tartary buckwheat sprouts and soybearouspr by 40% and 16%,
respectively (Peng, Zou, Su, Fan & Zhao, 2015; Ywral., 2015a). Similarly, FLs
light illuminated bean sprouts, such as dolichod aowpea sprouts, have been
reported to have decreased radical length when amdpwith their counterparts
grown in the dark (Martin-Cabrejas, et al., 200BJpwever, FLs light could
significantly increase the diameter of soybean @phypocotyls by 12%, compared
with the sprouts grown in the dark (Yuan, et abl]12a). The results also showed that
sprouts and microgreens grown in the dark showagiom phenotype, with white and

long hypocotyls. When grown under light, the shorteypocotyl of light-grown
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261

sprouts and microgreens may be due to the inaitivatf COP1 (CONSTITUTIVE
PHOTOMORPHOGENIC 1), a repressor for photomorphegex, and the
stabilization of HY5 (LONG HYPOCOTYL 5) and HYH (LG HYPOCOTYL 5
HOMOLOG), transcription factors that promote photwphogenesis (Deng, Caspar,
& Quail, 1991). Furthermore, plant hormones, suglgiaberellins and ethylene, may
also contribute in mediating light-regulated hypgteelongation (Alabadi, et al.,
2008; Yu & Huang, 2017). Compared with red and ambined LED light, LED
blue light alone could significantly increase hypiyt length of buckwheat sprouts
(Lee, et al., 2014). Similarly, supplementationL&D far-red light on the basis of
LED red + blue light could significantly increadeethypocotyl length in kohlrabi
microgreens and mustard microgreens (Gerovac, €rBeédt, & Lopez, 2016). UV
light has been reported to suppress the growtheetllsngs (Huché-Thélier,et al.,
2016), while Brazaityt et al. (2015a) reported that supplemental LED U862 nm)
irradiation significantly increased the hypocotghtith of basil, beet and pak choi
microgreens. The results of Wu et al. (2007) shothatl LED blue light and red light
both significantly increased stem length of pearagoeens, when compared with
LED white light. The above conclusions, which amecobntradiction with previous
research results, may be caused by the lower iligénsity under LED blue and red
light. The study orBrassicaceaanicrogreens showed that the hypocotyl length of
tatsoi, red pak choi and mustard microgreens gromder customized LED light was
significantly shorter as compared with those of BR&/en though the light intensity
of the two treatments was the same (bl m? s?) (Vastakait & Virsile¢, 2015).
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The undesirable hypocotyl length of LED-groBrassicaceaemicrogreens could be
attributed to the high percentage of blue lightw$tomized LED lamps (~16%), as it
was reported that hypocotyl elongation could bergméed by the adding of blue light
(Darko, Heydarizadeh, Schoefs, & Sabzalian, 20Thg effects of light quality on
the leaf area in sprouts and microgreens diffeween species. For example, LED red
light was reported to have positive effects on @l of pea microgreens (Wu, et al.,
2007), while having negative effects on leaf areanastard and tatsoi microgreens
(Brazaityt, et al., 2016). LED light also has positive effegh leaf area. For instance,
LED green light was reported to increase leaf afemizuna microgreens, and the
same is true for LED UV-A light in basil and pakocimicrogreens (Brazait§t et al.,
2015b; Gerovac, Craver, Boldt, & Lopez, 2016). Asthe effects of light intensity, it
was showed that high light intensity could decragasdeaf area in both kohlrabi and
mustard microgreens (Gerovac, Craver, Boldt, & [@016).

Fresh weight is one of the most important growtlaliges of sprouts and
microgreens. The effects of light on fresh weighti@s depend upon the light spectra
applied and varied among sprouts and microgreetiespd-or example, FLs light was
reported to increase the fresh weight of mucunautpy while decrease the fresh
weight of cowpea sprouts (Martin-Cabrejas, et24(8). Similarly, LED UV-A light
was shown to increase the fresh weight of basirogieens, but decrease the fresh
weight of beet microgreens (Brazaityet al., 2015a). Both red and blue light are
effective for enhancing plant growth because theyraore efficiently absorbed by
photosynthetic pigments than other regions of itlet Ispectrum. Therefore, it is not
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surprising that the adding of LED red and/or bigatl could increase fresh weight of
sprouts and microgreens (Kopsell, Sams, BarickmaMorrow, 2014; Lee, et al.,

2014; Wu, et al., 2007). However, when comparedh wie dark, LED red and blue
light showed inhibitory effects on fresh weightaa@mmon buckwheat sprouts (Nam,
Lim, & Eom, 2018). Furthermore, light exposure miggnificantly decrease the
yield of soybean sprouts. For example, a study aybean sprouts with 1-7 days
showed that the yield and dry weight of fluoresdagtit-grown sprouts were lower
than that of dark-grown sprouts. The above-mentasteservations may result from
the higher protein and lipid consumption and loweiter absorption of light-grown

sprouts. (Chen & Chang, 2015). The researches @right intensity showed that
LED light with higher light intensity could signdantly increase the fresh weight of
mustard microgreens (Gerovac, et al., 2016). Thaildeof effects of LED light

illumination on the growth of sprouts and microgreare listed in the Table S1.

3. Theeffectsof LED light on the nutrients content of sprouts and microgreens

The metabolite levels of sprouts and microgreeesnaostly determined by the
culturing conditions, especially when produced undartificial light and
controlled-environment growing conditions. Here, s@mmarised the changes in
main phytochemical compounds content and the adtmx capacity of sprouts and
microgreens grown under LED light, we also reviewd® changes of gene

expression levels in response to the different Lgbt.

3.1 Phenolic compounds

Phenolic compounds, which are ubiquitous in placispprise an extremely rich

14
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group of secondary metabolites. They confer thewptaste, and aroma of fruits and
vegetables, and are an integral part of the human (8hahidi & Ambigaipalan,
2015). Numerous studies have highlighted the amtao® properties and potential
health-improving effects of a phenolic-rich diet,uck as antioxidant,
anti-inflammatory, anti-adhesive and antibacteeifdécts (Balasundram, Sundram, &
Samman, 2006; Ferreira, Martins, & Barros, 201 &eRtvans, Miller, & Paganga,
1997). The content of phenolic compounds is an mapbd quality index of sprouts
and microgreens, and the accumulation of phendiytgzhemicals can be stimulated
by cultivation under different LEDs (Table 1). Coaned to the dark, light exposure
increased the total phenolic content of soybeameéske kale, and pea sprouts, as well
as sprouts oBrassica oleraceaarieties (Kim, et al., 2006; Liu, et al., 2016aQ, et
al., 2016; Vale, Cidade, Pinto, & Oliveira, 2014jowever, when grown in the
growth chamber at controlled light cycle (16 h/8light/dark), the total phenolic
content decreased in galega kale, penca cabbader@rwbli sprouts, while increased
in red cabbage sprouts (Vale, Cidade, Pinto, & éda; 2014). The studies on the
light quality showed that total phenolic contentGifinese kale sprouts and common
buckwheat sprouts was significantly decreased undeb red light, while
significantly increased under LED blue light, asngared with white light (Nam,
Kim, & Eom, 2018; Qian, et al., 2016). In a studypea sprouts, LED light of 585
nm was observed to decrease total phenolic cofitentet al., 2016). Several studies
on tatsoi and basil microgreens reported an iner@agotal phenolic content under
LED red light or supplemental LED red light (Bray#, et al., 2016b; Samuolién
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et al., 2016).

Flavonoids represent one of the largest classgheholic compounds in fruits
and vegetables (Zoratti, Karppinen, Escobar, Hagg&alaakola, 2014). In sprouts
and microgreens, isoflavone, anthocyanin, rutin gueércetin are the most common
phenolic compounds. Similar to the promoting eBemt total phenolic content, light
exposure significantly increased the content of #i®ve-mentioned phenolic
compounds (Table 1). For instance, light exposuas veported to boost isoflavone
content in soybean and chickpea sprouts (Aisyalipfen, Madzora, & Vincken,
2013; Gao, Yao, Zhu, & Ren, 2015). In addition, LBIDe light showed promoting
effects on total flavonoid content of common buckathsprouts, while LED red light
showed the opposite effect (Nam, Kim & Eom, 2018)s reported that secondary
metabolites in plants are a response to the enwieotal stresses (Ramakrishna &
Ravishankar, 2011). This has led to a series afietuon the effects of UV light on
secondary metabolites in sprouts and microgreeos.ekample, UV-B lamps has
been reported to increase total flavonoid contenbroccoli sprouts by 92%, when
compared with white light (Mewis, et al., 2012). {BJight at 313 nm was reported
to increase isoflavone content in soybean sprauas (Yang, & Gu, 2016; Jiao, Yang,
& Gu, 2017), while UV-B at 310 nm was reported gcikase isoflavone content in
red clover sprouts (Gigna, et al., 2018). In soybean sprouts, there wernsistent
strong positive correlations between the isoflavooetent and radiation intensity of
UV-B (from 0, 5, 10 and 20 pW c¢fn (Ma, Wang, Yang, & Gu, 2018). Besides, nitric
oxide signaling was reported involved in UV-B-inédcisoflavone biosynthesis by
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regulating the gene expression of key enzymesectléte. phenylalanine ammonia
lyase, PAL and chalcone synthase, CHS) (Jiao, Yahgy, & Gu, 2016). Therefore,
the influence of UV-B on isoflavone accumulationdispendent on the species, the
UV-B wavelength as well as the radiation intenglthv dose). In a study of tartary
buckwheat sprouts, LED blue light followed by UV-ight enhanced the
accumulation of bioactive compounds, while the go combination (UV-C
followed by LED blue light) showed weaker effecis, (Men, Zhou, & Ying, 2016).
Thus, the content of phenolic compounds was not dapendent on the light quality
but also the way they are combined.

The flavonoids is biosynthesized through a brangbteshylpropanoid pathway,
and most of the flavonoid synthesizing enzymes hasen found. Recently, the
transcriptional levels of flavonoid biosyntheticngs were investigated in sprouts and
microgreens. For example, it was shown that the ttharation and amount of light
strongly affected the phenylpropanoids contenaitaty buckwheat sprouts, the three
anthocyanin compounds (namely cyanidirD 3glucoside, cyanidin &-rutinoside
and delphindin-32-coumarylglucoside) in 4-day-old Hokkai T10 buckwahsprouts
grown under light/dark condition was nearly 4-foldre than those grown in the dark
(Li, et al., 2012). The transcriptional results f#vonoid biosynthetic genes also
showed thafFtFLS2 FtF3'H1, FtF3'H2 and FtANSwere up-regulated by light. In
addition, the transcription factof-tMYB-like gene, was markedly induced in
light-treated buckwheat sprouts, indicating tHaMYB-like gene was possibly
involved in the light-regulated flavonoid biosynsiw (Li, et al., 2012). In another
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study, it was shown that rutin was the main phenobmpounds in Hokkai T8
buckwheat sprouts, and the maximum rutin conterst @l@served at 4 day after LED
exposure under blue light, as compared to the LEDAe and red light. Meanwhile,
the cyanidin 3-O-rutinoside content under LED blight was 2.8- and 10.6-fold
higher than that under LED white and red light,pezgively. The analysis of gene
expression showed that the transcript level§t@f4H, FtICHI, FtFLS-2 andFtANS
was higher in sprouts grown under LED blue lighbwWE, et al., 2014). Studies on
UV irradiation showed that UV-B and UV-A could imase the anthocyanin content
of radish sprouts and soybean sprouts, respecti@elyet al., 2016; Su, et al., 2017).
The anthocyanin accumulation was significantly dased by shading treatment in
soybean sprouts, which was attributed to the daguation of anthocyanin
biosynthesis gene&SMDFR GMANSandGmUFGT) (Su, et al., 2017). Those results
strongly suggested that the accumulation of antlwoicywas closely related to light
exposure. On one hand, light is a necessary condifibr the biosynthesis of
anthocyanins. On the other hand, different lighaldqes exhibit different effects on
anthocyanin biosynthesis, and short-wavelength,lgich as blue light and UV light,
might bemore effective to increase anthocyaninauniQian, et al., 2016; Seo, Arasu,
Kim, Park, & Kim, 2015; Thwe, et al., 2014). Thetals of effects of LED light on
the phenolic compounds content in sprouts and mieens are summarized in the
Table 1.

In addition to light spectra, light intensity ahght duration, pulsed light was
reported has profound effects on the accumulatfgphgtochemicals in microgreen.
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Vastakait, et al. (2017) reported that adding monochrom@ts®, 470, 505, 590 and
627nm) LEDs with frequencies at 2, 256, and 1024hkE@ most positive effects on
total phenolic compounds in mustard microgreensvgrander HPS lamps. On the
contrary, adding the monochromatic LEDs at 32 Hmi§icantly decreased the total
phenolic content in mustard microgreens. Howevée tmonochromatic LED

frequencies at 32 Hz were the most suitable foratte@imulation of anthocyanins in
red pak choi and tatsoi microgreens.

3.2Vitamins

Vitamins are a class of organic compounds that @abe synthesized by the
human body and can only be absorbed from the @lety are essential for human
development and health, and the intake of vitarhelp to reduce the risk of diseases,
such as cardiovascular disease and coronary hisadse (Ashor, Lara, Mathers, &
Siervo, 2014; Stampfer, et al., 1993). Vitamin Gcfabic acid) is a dietary nutrient
required as a co-factor for many enzymes, and isspecially effective antioxidant
owing to its high electrondonating power (Jacob & Sotoudeh, 2002). Therefore,
vitamin C is one of the most important vitaminghe human diet. Artificial light has
been reported to significantly increase vitamindbtent of sprouts and microgreens
(Table S2). For example, compared to growth indaek, white light and UV + red
LED light significantly increased vitamin C contewift broccoli sprouts and soybean
sprouts by 87% and 79%, respectively (Pérez-Balibkéoreno, & Garcia-Viguera,
2008; Xu, Dong, & Zhu, 2005). In addition, LED rédht was reported to play a

positive role in promoting vitamin C content of mugreens (Brazaityt
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Jankauskiedy & Novi¢kovas, 2013; Brazaityt et al., 2016). Moreover, it was shown
that supplementary LED light, on the basis of HRffit) could also promote the
content of vitamin C of tatsoi microgreens (Vastak& Virsil ¢, 2015).

Vitamin E, the major lipid-soluble component in thell antioxidant defense
system, has long been considered as a cytopraeetotor with roles in anti-ageing,
arthritis, cataracts, Type 2 diabetic disease atdely diseases (Jiang, 2014; Rizvi, et
al., 2014). Alpha-tocopherols, the predominant fafnvitamin E, was reported to be
regulated by artificial light (LED and HPS lampgs)microgreens. As shown in Table
S2, using the combination of LEDs or HPSs as timaany light source, supplemental
green, blue and red LED light could promote theaase in vitamin E content of
microgreens (Brazaityt et al., 2016; Samuoliénet al., 2014; Samuoliénet al.,
2017). However, LED red light was reported to daseethe content of vitamin E in
Perilla frutescens(L.) microgreens and red pak choi microgreens (&itgiz,
Jankauskiety & Novi¢kovas, 2013; Brazaityt et al., 2016). Therefore, the effects of
LED light on vitamin E content depend on the ligipiectra and intensity and vary
among microgreen species (Table S2).

3.3 Photosynthetic pigment contents

Following exposure to light, sprouts and microgeeenundergo
photomorphogenesis and inevitably synthesize plotbstic pigments, such as
chlorophyll and carotenoids. Chlorophylls are thestnobvious and widespread
pigments of plants, as they are required for phaithesis. In addition, chlorophylls

have been shown to play important roles in mamitaiman health, in view of their
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potent anti-inflammatory property and anti-oxidantivity (Lee, Nishizawa, Shimizu,
& Saeki, 2017; Subramoniam, et al., 2012). Severaiminary studies revealed the
effects of artificial light on chlorophyll and caemoid content of sprouts and
microgreens (Table S3). It was reported that 20% [dHie light with 80% LED red
light treatment could significantly increase thentemt of total chlorophyll,
chlorophyll a and chlorophyll b of broccoli micregns (Kopsell, Sams, Barickman,
& Morrow, 2014). Moreover, UV-A was also reporteal increase total chlorophyll
content in broccoli sprouts (Moreira-Rodriguez, iNBienavides, Cisneros-Zevallos,
& Jacobo-Velazquez, 2017b). However, a recent shaly revealed that LED blue
light could decrease the total chlorophyll contehtommon buckwheat sprouts, as
compared with the white light (Nam, Lim, & Eom 20Q1&imilarly, supplemental
LED blue light significantly decreased the chlorgibhb content of broccoli
microgreens (Kopsell, & Sams, 2013). Additionatlye total chlorophyll content of
microgreens decreases when exposed to high-ingehght. For example, total
chlorophyll content of mustard microgreens decredmse27% under fluorescent light
of 463 ymol m? s, in comparison to 275mol m? s* exposure (Kopsell,
Pantanizopoulos, Sams, & Kopsell, 2012).

Carotenoids (-carotene f-carotene, violaxanthin, neoxanthin and lutein,)etc
play fundamental roles in photosynthetic organisnitiey act as accessory
light-harvesting pigments, but they also perfornotpprotective role by quenching
triplet state chlorophyll molecules and scavengsigglet oxygen and other toxic

oxygen species formed within the chloroplast (Yout@P1). Dietary carotenoids are
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thought to play an important role in maintainingpdchealth and preventing human
diseases, such as cancers, diabetes and eye d{deasson, 2002; Sluijs, et al.,
2015). Generally, LED light is beneficial for thecamulation of carotenoids in
sprouts and microgreens (Table S3). For exampdesupplementation of LED yellow
light (595 nm) could increase total carotenoidstennof tatsoi microgreens by 16%
(Brazaityt, et al., 2015b). Similarly, supplemental blue, aadl green LED light was
reported to increase the content efcarotene andB-carotene of microgreens
(Brazaityt, et al., 2015b; Brazaityt et al.,, 2016; Kopsell, Sams, Barickman, &
Morrow, 2014; Samuolien et al., 2017). However, supplemental LED orarigbt|
(622 nm) decrease@-carotene content (Brazaigytet al., 2015b). Studies on
Brassicaceaemicrogreens and beet microgreens showed that exmgpiltal green,
yellow and blue LED light could promote violaxamthgontent, while supplemental
LED orange light showed the opposite effect (Brigtaiet al., 2015b; Samuoliénet
al.,, 2017). It was also reported that supplemehtaD green light increased
neoxanthin content of red pak choi microgreens %, While supplemental LED
yellow light lead to a decrease in neoxanthin canity 69% (Brazaitytet al., 2015b).
A study on the effects of high light intensity ret@al that high light intensity could
decrease neoxanthin content of mustard microgrgémssell, Pantanizopoulos, Sams,
& Kopsell, 2012). It was reported that lutein gitdcarotene are two main carotenoid
compositions in tartary buckwheat sprouts, and evihitrescent light exposure (16 h/8
h light/dark cycles) could significantly increaskeir content, even if the light
intensity was very low (3%mol m? s%) (Tuan, et al., 2013a). The total carotenoid
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content reached the maximum level at 9 or 6 datgs abwing (DAS) in light-grown
T8 or T10 tartary buckwheat sprouts, respectivdlge transcription levels of
carotenoid biosynthetic genes were analyzed duhagprouts’ developmental stages,
showing that the expression BfPSY, FtPDS FtZDS FtLCYB and FtLCYE genes
increased drastically from 3 DAS to 9 DAS and tldecreased at 12 DAS in T10
tartary buckwheat sprouts, both in the dark anceutight. And the higher expression
levels of carotenoid biosynthetic genes and caoalenontent was observed in the
light-grown T10 tartary buckwheat sprouts. While,Ti8 tartary buckwheat sprouts,
the expression of the above-mentioned genes dectdesm 3 DAS to 9 or 6 DAS
then increased at 12 DAS, whether in the presefdegltt or not. Although no
difference was observed in the transcript levelscarfotenoid biosynthetic-related
genes between light and dark conditions, the caoadecontents in the light-grown
T8 tartary buckwheat sprouts were significantlyheig The discrepancy between
gene expression and carotenoid content in T8 ar@ tadtary buckwheat sprouts
suggested that other isoforms of carotenoid bidstit genes may participate in
controlling the flux into carotenoid biosynthesla. addition, the accumulation of
carotenoid was potentially controlled by additiondéterminants, such as the
post-transcriptional and metabolic mechanisms (Tetal., 2013a). At the same year,
it was also reported that the total carotenoidsesdrunder LED white light (1282.63
ug g dry weight) was much higher than that under LEDeb{858.29ug g* dry
weight) and LED red (908.64g g * dry weight) light in T8 tartary buckwheat sprouts
at 10 DAS. The accumulation of carotenoids was é¢eduunder white light from 2

23



504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

DAS to 10 DAS, while it increased from 2 to 6 DA®( light) or 8 DAS (blue light)
then decreased at 10 DAS. At 8 DAS, the transoriptevels of FtPSY, FtLCYRB
FtILCYE FtCHXB, FtCHXE, and FtZEP were higher in sprouts grown under white
light than in those grown under blue and red lightkich might lead to the rich
amount of carotenoids accumulation under whitetl{@an, et al., 2013b). LED red
light, whether used alone or as a supplementahy, ligas reported to increase lutein
content of tatsoi and basil microgreens, but dem@dutein content of mustard
microgreens (Brazaityt et al., 2016; Samuoliénet al., 2017). Therefore, the effects
of LED red light on carotenoid accumulation miglepend on both the species and
the light conditions of this processing (Table S3).

3.4 Other nutritional compounds

In addition to the bioactive substances mentiondmve, sprouts and
microgreens also contain other nutrients and bi@ctompounds (Table S4).
Glucosinolates are an important group of secongdayt metabolites. They are
sulfonated thioglycosides with a variable aglycside chain, based on the structure
of which glucosinolates are divided into three s&ss aliphatic, indolyl and aromatic
glucosinolates (Mewis, et al., 2012). Apart frore thell-known role in plant defence
response to insects and pathogens, glucosinolEe$ave health benefits in lowing
the risk of myocardial infarction, cancer and ca@gnheart disease (Ma, et al., 2018;
Traka, 2016). The biosynthesis of glucosinolatesloatriggered by a series of biotic
and abiotic factors (Kissen, et al., 2016). TheefdJV irradiation was used as an

effective strategy to accumulate high levels of cgkinolates in sprouts and
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microgreens. It was reported that UV-A, UV-B lighbses and harvesting time
differentially tailor glucosinolate profiles in krooli sprouts, and UV-B could
significantly increase the content of glucosinolat@ broccoli sprouts
(Moreira-Rodriguez, Nair, Benavides, Cisneros-Zegal& Jacobo-Velazquez, 2017a;
2017b) (Table S4). Light exposure has positivecefa glucosinolates accumulation
in sprouts. For instance, compared with the daxkpsure to fluorescent light was
reported to significantly increased the total gkinolate content of broccoli sprouts
by 35% (Pérez-Balibrea, Moreno, & Garcia-Viguef@)&. However, white light was
reported to significantly decrease total glucosated content of white mustard
sprouts by 8% (Ciska, Honke, & Koztowska, 2008)eTéffects of different light
qualities (white LED, red and blue lights) on glacwlates content in Chinese kale
sprouts were investigated, the results showedtkigatotal glucosinolates content in
the shoot under white and red LED light exhibiteal striking change, but was
significantly decreased under LED blue light, wieenmpared to those grown in the
dark (Qian, et al.,, 2016). However, Kopsell and S$&@013) reported that
supplemental LED blue light could significantly rease the glucosinolate content of
broccoli microgreens. Combining red and blue LEDhti was also reported to
increase the glucosinolate content of broccoli ogeeens (Kopsell, Sams, Barickman,
& Morrow, 2014). Recently, different cultivars ofpeseed sprouts are studied to
identify the effects of blue/red light ratios orugbsinolate accumulation. The results
showed that the glucosinolate content varied betwbferent cultivars, but neither
high blue ration (31.7% blue light/ 66.3% red ligltor low blue ratio (14.8%
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blue/81.3% red light) could significantly alter tiggucosinolate content. Therefore,
the glucosinolates content of rapeseed sproutstrbgloptimized when treated with
appropriate light treatment (Groenbaek, Tybirk, &stensen, 2018).

The total protein content of cowpea sprouts, jagrbsprouts and red cabbage
sprouts were significantly increased under whigétlias compared to those grown in
the dark. However, the total protein content of tma sprouts and penca cabbage
sprouts was significantly decreased under whitet l{iylartin-Cabrejas, et al., 2008;
Vale, et al., 2015). Therefore, the influence ofitetight on total protein content is
species- and cultivars-dependent. In a study oftandissprouts, 9 essential or semi
essential amino acids and 12 nonessential aminis aere detected, and the contents
of glycine, arginine, and isoleucine were up-retpdaby light conditions, reached the
maximum after 9 or 12 days. As for the total amawids, the highest content was
observed in dark-grown mustard sprouts (Li, et 2013). Among those detected
amino acidsy-aminobutyric acid (GABA) is a non-protein aminddaand has been
considered a bioactive plant component. Glutamaeartboxylase (GAD) is the
rate-limiting enzyme for GABA accumulation in GAB#hunt. The expression of
GAD-encoding genes showed higher expression levide dark than under the light
conditions (16 h/8 h, light/dark). However, GABAntent in light-grown mustard
sprouts was significantly higher than that of dgriewn sprouts. The discrepancy
between th&AD expression level and GABA content of light-grownstard sprouts
may resulted from the activity of GABA transaminasel diamine oxidase (DAO),
which catalyze the degradation of GABA and GABAyawhine degradation pathway,
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respectively (Shelp, 1997). This study providedoanflation for understanding the
effects of light on GABA accumulation in sprout®vertheless, further studies are
necessary to identify more regulators and genes dha associated with these
compounds’ biosynthesis.

Dietary fiber is reported to reduce the risk ofarettal adenoma and colorectal
cancer (Aune, et al., 2011; Ben, et al., 2014)hwitgetables being one of the main
sources of dietary fiber. Vale, et @015 reported that exposure to light determined a
lower content of total dietary fiber in the foundted Brassica oleraceaprouts (red
cabbage, broccoli, Galega kale and Penca cablaiga)arly, Martin-Cabrejas, et.al
(2008) reported that the soluble dietary fiber eahtwas significantly decreased in
cowpea sprouts and dolichos sprouts under 12 hdd2dnh/d illumination, while
significantly increased in jack bean sprouts anglbean sprouts under 24 h/d
illumination. It is well-documented that high digtanitrate consumption is associated
with an increased risk of gastrointestinal canddudcaritoli, Amabile, & Molfino,
2016). Approximately 80% of human dietary nitratesnes from vegetables, so ways
to reduce the nitrate content in vegetables hasrbeca primary concern. It was
reported that LED red light could reduce nitratenteat of Perilla frutesces (L.)
microgreens and radish microgreens, while increasge seen in basil microgreens.
It is also reported that LED green light decreastate content of radish microgreens,
while increases nitrate content of basil microgeeéS8amuolied, et al., 2014).
Mineral elements are also important nutrient ofosps and microgreens and light
could also manipulate the mineral elements coritesprouts and microgreens. For
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example, it was reported that, compared with thes HifRatment, compound LED
light could significantly increase the content dherals, such as &a K*, Na" and P,
in Brassicaceaenicrogreens (VaStakai®& Virsil ¢, 2015).

3.5 Antioxidant capacity

Antioxidants are compounds that, in low concentrati can prevent
biomolecules (e.g. proteins, nucleic acids, polansted lipids, and sugars) from
undergoing oxidative damage through free radicatiated reactions (Bendary,
Francis, Ali, Sarwat, & El Hady, 2013). They cohtrie to oxidative stress-related
diseases, e.g. neurodegenerative diseases, cantéeart disease (Apak, Ozyiirek,
Gugclu, & Capanglu, 2016). Various methods are used to measureamtiexidant
activity of dietary antioxidants. The most commonlged methods for detecting
antioxidant capacity of sprouts and microgreens  lude
2,2-diphenyl-1-picrylhydrazyl (DPPH) assay, ferion reducing antioxidant power
(FRAP) assay, 2,2’-azino-bis-3-ethylbenzthiazolasulphonic acid (ABTS) assay
and oxygen radical absorbance capacity (ORAC) aSsdje S5).

There are many studies show that sprouts and nmexag are good sources of
dietary antioxidants. Generally, the antioxidanpamty of sprouts and microgreens
reflects the composition and content of their biv@ccompounds, such as phenolics,
vitamins, chlorophyll, carotenoids and glucosinesa{Keum, Jeong, & Kong, 2004;
Podsdek, 2007; Williamson, Faulkner, & Plumb, 1998). eTlstructure-activity
relationships (SAR) among those bioactive compouhnelsce provide us with a
preliminary insight into their antioxidant capacitylany studies showed that the
antioxidant activity of sprouts and microgreens wassitively correlated with

flavonoids compounds content and was closely deggrah the light conditions
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(Table S5). For example, in the Chinese kale sprahe antioxidant capacity was
significantly increased in sprouts under light esqp@, and the highest antioxidant
capacity was observed in sprouts grown under LEDe Hight, which was in
accordance with the variation tendency of anthoicyaantent (Qian, et al., 2016). In
a study of soybean sprouts, the antioxidant ams/ibf two varieties of soybean
sprouts, yellow soybean sprouts (YSS, grown inddwk) and green soybean sprouts
(GSS, grown under light), with different germinatidays were studied using DPPH,
FRAP and ORAC analysis methods. The results shawatlthe GSS had lower
DPPH radical scavenging capacity but higher ORARev¢han YSS on day 7. It was
reported that ORAC could measure both lipophili@ drydrophilic antioxidants,
which is considered the most relevant to humarmogylmong the antioxidant assay
methods (e.g. DPPH, ORAC and FRAP) (Prior, Xia&lKaren, 2005). Thus, it was
speculated that ORAC value is more fundamentalyagentative of the antioxidant
status of soybean sprouts than DPPH. And it isebdti produce GSS from the
viewpoint of antioxidant capacity because ORAC ealwvere higher than those of
YSS. (Chen & Chang, 2015). In another study, lifhimination (12 h light and 12 h
dark) significantly enhanced the DPPH radical sngigg activity and the FRAP
value of polysaccharides from soybean sprouts, hwhiedicating that light
illumination during germination has a significariteet on structural and functional
properties of polysaccharides derived from soylbs@aouts (Yuan, et al., 2015b). In
addition, the activity of antioxidant enzymes coaldo be significantly increased by
UV-B (Jiao, Yang, Zhou, & Gu, 2016). The correlati@nalysis of phenolic
compounds with antioxidant capacity showed that dah&oxidant activities were
correlated significantly and positively with pheigcotontent of lentil sprouts and pea

sprouts (Liu, et al., 20168wieca, Gawlik-Dziki, Kowalczyk, & Ziotek, 2012).
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However, studies have also shown that light hasffext or even negative effect on
the antioxidant capacity of sprouts and microgref@razaitye, Jankauskie® &
Novitkovas, 2013; Chen & Chang, 201Swieca, Gawlik-Dziki, Kowalczyk, &

Ztotek, 2012; Vale, Cidade, Pinto, & Oliveira, 2014

3.6 Postharvest quality

Sprouts and microgreens are delicate and have @ shelf life due to high
moisture content and rapid deterioration, whichitémtheir commercial use. In
addition, the nutritional quality of sprouts de@es during postharvest storage.
Studies have shown that light treatments afterdwsing of fruits and vegetables can
play a role in delaying ageing, reducing nutriessl and extending shelf life (Blichert,
GOmez Lobato, Villarreal, Civello, & Martinez, 2Q11in, Yao, Xu, Wang, & Zheng,
2015). However, little information is available debing the postharvest physiology
of sprouts and microgreens, and the effects ot lifghiing this process have not yet
been well quantified. Recently, several studiesehaliown that postharvest light
treatment could affect the shelf life and the biv& compounds content of the
post-harvested sprouts and microgreens. For examplevas reported that
continuous fluorescent light exposure during steragreased the content of ascorbic
acid while having no effect oa-tocopherol, total phenolic concentrations or DPPH
radical scavenging capacity of radish microgreedisq, et al., 2014). Although
UV-LEDs with wavelengths around 240-370 nm are cemually available, the
application of UV-LEDs is restricted due to theimer output optical power and lack

of complete monochromaticity (Bui & Hauser, 2015, IDvorak, Nesterenko,
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Nuchtavorn, & Macka, 2018). Nevertheless, the us&\é florescent lamps have

shown that postharvest UV-B radiation could furtbeost glucosinolates levels and
extend the shelf life of broccoli microgreens (lat,al., 2018). Further studies are
needed to investigate the effects of light exposamethe shelf life and nutrient

contents of sprouts and microgreens.

4. Conclusions

LED, an innovative artificial light source for plsn is a promising lighting for
improving the nutrient quality in sprouts and mgreens, both as a supplemental and
a sole-source illumination. In these studies, & baen preliminarily established that a
series of structural genes related to the bioswgighef phytochemical compounds,
such as flavonoids and carotenoids, are regulatedsponse to LED light in sprouts
and microgreens. However, the expression pattdrtiseobiosynthetic related genes
cannot always explain their accumulation levelser€fore, further work is necessary
to thoroughly delineate the underlying mechanis®grouts and microgreens are
young seedlings that are sensitive to light andaageod model system for studying
the metabolism. We would suggest the following ¢sghat are worth considering for
further exploration:

1) for the more efficient use of LED light and tingprovement of the nutritional
and health value of sprouts and microgreen vegetabpecific LED light recipes (the
properly designed LED lighting system combiningefiént spectral composition and
light intensities) should be identified to incredise yield and maximize the content of

phytochemical compounds to promote health or prsvaiseases;
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2) the integrated approaches of transcriptomicteomic and metabolomic
analysis are needed to reveal the dynamics of #tabolism under LED light;

3) the role of photoreceptors (e.g. phytochromes) lgght signal transduction
pathways in regulating phytochemical compounds bwdem under LED light
remained to be clarified,;

4) further analysis should be carried out to idgritie target genes and markers
associated with secondary metabolites biosyntHiestsiture molecular breeding.

The studies on the regulatory effect of LED ligpestra on the growth and
metabolism of sprouts and microgreens will provadeincreasingly mature system in
which to provide adequate quantity and quality @jetables, as well as to explore the
basic responses of plant seedlings to light sigridisrefore, the application of LED
light in vegetable production has enormous potemigalth benefits, and provides
possibilities for feeding the expanding populatgrstainably and efficiently in the

future.
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Table 1. The effects of LED light on the phenolic composimdntent of sprouts and microgreens.

Light conditions

Phytochemicals  Quantification  Sprouts/microgreens germination Light quality & Light intensity _Phot(_)per_md O References
time light sour ces or _ illumination  time
UV-irradiance  (h)
Total Phenolic +62% Soybean sprouts 6 days Dark (Conl), NAP 96 h (Kim, et al.,
(Glycine max_..) Green and yellow 2009
(colored cellophane
tapes and an acn
film)
-6% Penca cabbage sprouts 12 days Dark (Con), NA 16 h light/8 h dark (Vale,
(B. oleracea L. var. White photoperiod Cidade,
costataDC) (LNA®) Pinto, &
-17% Broccoli sprouts 7 days Oliveira,
(B. oleraceal. var. italic 2019
Plenck)
+30% Red cabbage sprouts 12 days
(B. oleracea L. var.
capitatef. rubra)
-17% Galega kale sprouts 7 days
(B. oleracea L. var.
acephalaDC)
+34% under Chinese kale sprouts 7 days Dark (Con), 30pmolm?s* 16 h light/8 h dark (Qian, et al.,
white light, (Brassica oleracen White (440-660 photoperiod 2019
+69% under nm),
blue light Red (660 nm),
Blue (470 nm)
(LED lamps)
NQ° Pea sprouts 6 days Dark (Con), 30pmol m?s* 12 h light/12 h dark (Liu, et al.,
(significantly (Pisum sativunt..) Red (635 nm), photoperiod 2019
improved by Blue (460 nm),
red, blue and Yellow (585 nm),

54



white light)

+10%
blue light,

-17% under red

light

+40%

-34%

+13%

+58%

NQ
(significantly

increased unde

white light)

under Common

buckwhea 7 days
sprouts

(Fagopyrum esculentur
Mdéench)

Lentil sprouts
(Lens culinari3

8 days

Red pak
microgreens
(Brassica
rosularis)
Tatsoi microgreens
(Brassica rapa var.
rosularis)

basil microgreens
(Ocimum basilicunt..)

choi 10 days
rapa var.

10 days

13 days

Soybean sprouts
(Glycine max_. Merrill)

3-7 days

white

(LED lamps for
red, blue and
yellow light,

fluorescent
for white light)
White (Con),
Blue (460 nm),

Red (625 nm),
(LED lamps for
blue and red light,
fluorescent lamps
for white light)
Dark,

White

(LNA)

lamps

Combination of
LEDs (combination
of 447 nm, 638 nm
665 nm and 731
nm) (Con),

Red (638 nm)
(LED lamps)

HPS light,

HPS light
supplemental  rec
light (638 nm)
(HPS lamps, LED
lamps)

Dark (Con),

White

(fluorescent lamps)

35u mol m? s*

NQ

390 pw mol m?

S

HPS: 300u mol

m?s?,

HPS 210p mol
m?2s!+ LED 90

p mol m? st

120 © mol m?
1

S

16 h light/8 h dark (Nam, Kim,

photoperiod

24 h/day

16 h light/8 h dark

photoperiod

16 h light/8 h dark

photoperiod

12 h light/12 h dark

& Eom,
2018

(Swieca,
Gawlik-Dzik
I
Kowalczyk,
&  Zlotek,
2012)
(Brazaityt,
et al., 201%

(Samuolien,
etal., 201%

(Yuan et al.,
2015)
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Total Flavonoid

+56%
UV-C,
+51%
UV-A,
+24%
blue light

NQ
(significantly

improved by all
the light quality

treatment)

+12%
blue light,

-13% under red

light

+92%

+55%

under

under

under

under

Tartary
sprouts
(Fagopyrum esculentum

buckwheal 3 days

Pea sprouts
(Pisum sativunt..)

6 days

Common buckwhea 7 days
sprouts

(Fagopyrum esculentur
Mo“ench)

Broccoli sprouts 13 days
(B. oleracead..)
Lentil sprouts 8 days

(Lens culinari3

Dark (Con),
UV-C (254 nm),
UV-A (365 nm),
blue W m?
(Fluorescent lamp:
for blue light & UV
lamps for UV light)
Dark (Con),

Red (635 nm),

Blue (460 nm),
Yellow (585 nm),
white

(LED lamps for
red, blue and
yellow light,
fluorescent lamps
for white light)
White (Con),

Blue (460 nm),

Red (625 nm),
(LED lamps for
blue and red light,
fluorescent lamps
for white light)
White (Con),

UVv-B

(UV lamps)

Dark (Con), NA
White

(LNA)

W m?,

0.6 kIm?d?

blue light: 66.93

30 mol mi? s*

35u mol mi? s*

UV light: 70.32 12 h light/12 h dark

12 h light/12 h dark

photoperiod

16 h light/8 h dark

photoperiod

240 min

24 hiday

(Ji, Wen,
Zhou &
Ying, 2016)

(Liu, et al.,
2016)

(Nam, Kim,
& Eom,
2018)

(Mewis, et
al., 2012)

(Swieca,
Gawlik-Dzik
il
Kowalczyk,
&  Zotek,
2012)
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| soflavone

Anthocyanin

+176%

+148%

+58%

-49%

+20%

+103%

+465%
blue light,
+454%
white light
NQ
(significantly
improved by all
the light
treatment,

under

under

Soybean sprouts
(Glycine max L. cv
Yunhe)

Soybean sprouts
(Glycine max_.)

4 days

6 days

Soybean sprouts
(Glycine max_.)

4 days

Red clover sprouts
(Trifolium pratensd..)

10 days

Soybean sprouts
(Glycine max L. cv
Aga3)

7 days

Buckwheat sprouts NA
(Fagopyrum esculentur
Moench.)

Tartary
sprouts
(Fagopyrum sp.

buckwheal 11 days

Chinese kale sprouts
(Brassica oleracen

7 days

Dark (Con),

UV-B (313 nm)
(UV-B light bulb)

Dark (Con),

Green and yellow
(colored cellophane
tapes and an acn

film)

Dark,

UV-B

(UV-B lamps)
White (Con),

UV-B (340 nm)

(LNA)
Dark (Con),
White

(greenhouse lamps

White (Con),

UV-B (> 300 nm)
(fluorescent lamps)

Dark (Con),

Blue (430 nm),
White (380 nm)

(LED lamps)
Dark (Con),
White
nm),

Red (660 nm),

Blue (470 nm)

(440-660

4 uW cm” NA

NA 96 h

10 uW cmi?

NA 24 h/day

8 u mol m? s*
photoperiod

white light: 110 24 h
p mol m? s* and
12 W n#
UV-B: 10 p mol
m? s and 890
W m?

blue light: 177u
mol m? s
white light: 198
p mol m?s?

30 mol m? st

photoperiod

photoperiod

6h light/18 h dark

12 h light/12 h dark

16 h light/8 h dark

16 h light/8 h dark

(Jiao, Yang,
& Gu, 2016;
2017)
(Kim, et al.,
2009

(Ma, et al.,
2018)

(Grazyna, et
al., 2018)

(Phommalth,
Jeong, Kim,
Dhakal, &
Hwang,
2008)

(Tsurunaga,
etal., 2013)

(Seo, Arasu,
Kim, Park,
& Kim,

2015)

(Qian, et al.,
2016)
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Rutin

especially blue

light)
+610%

+65%

NQ
(significantly

increased unde

UV-B)
NQ

(significantly

increased unde

UV-A)
NQ

(significantly

increased unde

UV-B)

+25%

+56%

+43%

Tartary buckwheal
sprouts

(Fagopyrum tataricum
Tartary buckwheal
sprouts

(Fagopyrum tataricum

cv Hokkai T8)
Radish sprouts
(Raphanus sativus.)

Soybean sprouts
(Glycine max L.
‘Dongnong 690")

Radish sprouts
(Raphanus sativus.)

Perilla frutescens (L.)
microgreens

Basil microgreens
(Ocimum basilicunt..)

Buckwheat sprouts
(Fagopyrum esculentur
Moench.)

10 days

4 days

4 days

4 days

3 days

NA

15 days

NA

(LED lamps)

Dark (Con),
White light
(LNA)

White (380
(Con),

Blue (470 nm)
(LED lamps)
Dark

Uv-B

(UV lamps)

Dark
UV-A
(UV lamps)

White (Con)
UVv-B

(LED lamps
white light,

nm)

for
uv

lamps for UV-B)

White (Con),
Red (638 nm)
(LED lamps)
White (Con),

Red:blue light ratio

=12
(LED lamps)

White (Con),

UV-B (> 300 nm)
(fluorescent lamps)

4000 LX
photoperiod

50p mol m?s* 16 h light/8 h dark
photoperiod

5.5 W nv?
photoperiod

5.5 W nv? 36 h

white light: 501 36 h
mol m? s}

UV-B 10 W ni?

300 p mol m?
st photoperiod

120 p mol m?
st photoperiod

white light: 110 24 h
pmol m?s* and
12 W n#
UV-B: 10 p mol
m? s* and 890

12 h light/12 h dark

18 h light/6 h dark

12 h light/12 h dark

16 h light/8 h dark (Peng, Zou,

Su, Fan, &
Zhao, 2015)
(Thwe, et al.
20149

(Su, et al,
2016)

(Su, et al,
2017)

(Wu, et al.,
2016)

(Brazaityt,
etal., 2013)

(Lobiuc, et
al., 2017)

(Tsurunaga,
etal., 2013)
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+66%

+8%

+5%

Quercetin +19%

-31%

Luteolin +138%

Soybean sprouts 6 days
(Glycine max_. Merrill)

common buckwhea 12 days
sprouts

(Fagopyrum esculentum

Tartary buckwheal 4 days
sprouts

(Fagopyrum tataricum

cv Hokkai T8)

Soybean sprouts 6 days
(Glycine max.. Merrill)

Lentil sprouts 8 days
(Lens culinari3

Lentil sprouts 8 days
(Lens culinari}

Dark (Con),
White

(fluorescent lamp)
Red+blue (Con),

Red
(LED lamps)

White (380
(Con),

Blue (470 nm)

(LED lamps)

Dark (Con),
White

(fluorescent lamp)

Dark (Con),
White
(LNA)

Dark (Con),
White
(LNA)

W m?

100 p mol m? 12 h light/12 h dark (Yuan, et al.,
1

S photoperiod

red+blue light : NA
9.19 u mol m?

s, red light:
4.75 p mol m?
S—l

50p mol m?s* 16 h light/8 h dark

photoperiod

100 p mol m? 16 h light/8 h dark
1

s photoperiod
NQ 24 h/day
NQ 24 h/day

2015)

(Lee, et al.,
2014)

(Thwe, et al.,
2014

(Yuan, et al.,
2015)

(Swieca,
Gawlik-Dzik
il
Kowalczyk,
&  Zotek,
2012)

(Swieca,
Gawlik-Dzik
il
Kowalczyk,
&  Zotek,
2012)

& Con: control group;

® NA: not available information;
¢ LNA: light source not available;

4 NQ: not quantitative.



Highlights

1. Sprouts/microgreens are functional foods with multiple health benefits.

2. Sprouts/microgreens respond to spectra by altering the morphology and
metabolism.

3. LEDs provide new opportunities to manipulate the quality of produce for
markets.

4. Anoptimized LED light recipe unique for each plant species can be programmed.



