Scientia Horticulturae 235 (2018) 437-451

journal homepage: www.elsevier.com/locate/scihorti

Contents lists available at ScienceDirect

Scientia Horticulturae

Current status and recent achievements in the field of horticulture with the = )

use of light-emitting diodes (LEDs)

Check for
updates

Filippos Bantis®, Sonia Smirnakou”, Theoharis Ouzounis““, Athanasios Koukounaras?,

Nikolaos Ntagkas®, Kalliopi Radoglou""

@ Department of Agriculture, Faculty of Agriculture, Forestry and Natural Environment, Aristotle University of Thessaloniki, 54124 Thessaloniki, Greece
® Department of Forestry and Management of the Environment and Natural Resources, Democritus University of Thrace, Pantazidou 193, 68200, Nea Orestiada, Greece
€ Horticulture and Product Physiology Group, Department of Plant Sciences, Wageningen University, PO Box 630, 6700 AP, Wageningen, The Netherlands

9 Fluence Bioengineering, Austin, TX 78744, TX, USA
€ Rijk Zwaan Breeding B.V., Eerste Kruisweg 9, 4793 RS, Fijnaart, The Netherlands

ARTICLE INFO ABSTRACT

Keywords:

Light quality
Greenhouse

Growth chamber
Vertical farming
Photomorphogenesis
Plant metabolism

Light-emitting diode (LED) technology has rapidly advanced the past years and it is nowadays irrevocably linked
with controlled-environment agriculture (CEA). We provide here an amalgamation of the recent research
achievements in the horticulture and floriculture industry, ranging from greenhouse applications to climate
rooms and vertical farming. We hope this overview bestows ample examples for researchers and growers in the
selection of the appropriate LED light solution for amending crop yield, phytochemical content, nutritional
value, flowering control, transplant success, pre-harvest and postharvest product quality, and production of

regeneration material. We leave the reader with some future prospects and directions that need to be taken into
account in this ever-growing field.

1. Introduction
1.1. Review objectives

During the last years, the field of research on light-emitting diodes
(LEDs) has yielded technologies that make LED modules more en-
ergetically efficient and versatile as lighting systems (Cocetta et al.,
2017; Gupta, 2017). Therefore their potential applications in horti-
culture are constantly expanding. The potential use of LEDs in a) closed
systems (growth chambers), b) greenhouses, ¢) multilayer vertical
farming and d) postharvest is discussed. This review focuses on the
performance of horticultural species, as they are commonly grown in
the aforementioned systems, and the aim is to summarize the effects of
LED lights on: (a) plant growth and developmental traits and (b) pri-
mary and secondary metabolites. Within each section, responses of
plants to monochromatic, dichromatic or continuous spectra are de-
scribed.

1.2. Artificial lamp types

The use of artificial light sources emitting photons over a con-
tinuous spectral range from 350 to 750 nm, such as fluorescent (FL),
high-pressure sodium (HPS), metal halide, and incandescent (INC)
lamps have been long used in tissue culture and growth rooms
(Economou and Read, 1987), as well as in greenhouses to supplement
natural light (Cathey and Campbell, 1980; Murdoch, 1985; Both et al.,
1997; Krizek et al., 1998). Among traditional artificial sources, FL
lamps are more commonly utilized in plant-growth applications than
INC lamps due to a more efficient energy conversion and due to the
higher blue fraction emitted which can reach more than 10% of the
total photon emission within the photosynthetically active radiation
(PAR), depending on the correlated color temperature (CCT) of the
lamp (Simpson, 2003). However, illumination emissions based on tra-
ditional artificial lighting is neither spectrally optimal nor energetically
efficient for several photoperiodic plant species; especially when lamps
are placed in close proximity to the plants, tissue damage from photo-
stress is induced (Nelson, 2012; Dutta Gupta and Jatothu, 2013).

Abbreviations: CEA, controlled-environment agriculture; LED, light-emitting diode; FL, fluorescent lamp; CWF, cool white fluorescent lamp; HPS, high-pressure sodium lamp; INC,
incandescent lamp; PAR, photosynthetically active radiation; UV, ultraviolet light; P, purple light; B, blue light; G, green light; Y, yellow light; R, red light; FR, far-red light; W, white light;
phy, phytochrome; cry, cryptochrome; phot, phototropin; UVR8, UV resistance locus 8; F,/F,,, maximum quantum yield of PSII; ®PSII, quantum efficiency of PSII; LAI, leaf area index; S/

R, shoot-to-root ratio
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With the evolving technology in the use of artificial lighting in the
90’s, LEDs were first introduced by testing their effects on plant growth
for food during space travel at the University of Wisconsin, Purdue
University and at NASA’s Kennedy Space Center (Massa et al., 2008).
According to previous studies, LED lights could provide several unique
advantages, among the existing artificial lighting sources, including the
ability to control spectral composition, adjustable size, durability, long
operating lifetime, relatively cool emitting surfaces and photon output
that is linear with electrical input current (Bula et al., 1991; Folta et al.,
2005; Bourget, 2008). They could also be characterized as more en-
vironmentally friendly and economically favorable, than the conven-
tional lighting, at least for enclosed growth plant facilities, while they
have safer handling and disposal procedures (Schultz et al., 2008;
Duong and Nguyen, 2010; Shimada and Taniguchi, 2011). Nowadays,
LED lights produced are at least as energetically efficient as the tradi-
tional light sources (Schubert and Kim, 2005; Pimputkar et al., 2009;
Nelson and Bugbee, 2014; Kozai et al., 2016).

Controlled-environment agriculture (CEA) is a subject directly
connected to the relying principals of the food system optimization
worldwide due to the upcoming population and climate changes sce-
narios (Food and Agriculture Organization of the United Nations: FAO
(2015). The solid-state light sources had been used in CEA such as plant
tissue or cuttings, culture rooms and growth chambers, greenhouses
and nurseries (Davis and Burns, 2016). LEDs allow wavelengths to be
matched to plant photoreceptors in order to have optimal production
and influence plant morphology and metabolism (Massa et al., 2008;
Yeh and Chung, 2009; Dueck et al., 2012; Hernédndez and Kubota, 2012;
Currey and Lopez, 2013). Concurrently, several studies have been
conducted on the effect of spectral quality by employing monochro-
matic or polychromatic LEDs for a variety of plants on a big range of
desired morphological and/or physiological changes in plants (Lee
et al., 2007; Shin et al., 2008; Davis and Burns, 2016), such as in-
creasing photosynthesis, modulating plant morphogenesis, controlling
flowering time (Mitchell et al., 2015), or enhancing antioxidant activity
(Ramalho et al., 2002; Kumar et al., 2016). Notably, blue and red LEDs
are commonly used for plant growth as chlorophyll a and b (chla and
chlb, respectively) efficiently absorb blue and red wavelengths; absor-
bance maxima for chla are 430 and 663 nm, whereas those of chlb are
453 and 642 nm, respectively (Chory, 2010). Moreover, much research
effort has been focused on the effect of different ratios of red to far-red
light that could modulate shoot elongation in plants (Gilbert et al.,
1995; Von Wettberg and Schmitt, 2005; Casal, 2013) or even more of
red, blue and green colors that approved to be beneficial on the growth
of edible crops (Kim et al., 2004a; Lin et al., 2013). Also in other studies
prior concern was focused on the control of the magnitude of light
output to minimize energy consumption (Fujiwara and Toshinari, 2006;
Harun et al., 2013).

1.3. Photoreceptors

Plant responses are triggered by changes in the light intensity,
quality, direction and duration and are governed and conducted by
specialized photoreceptors (Kami et al., 2010). Photoreceptor proteins
have a small cofactor or chromophore molecule allowing them to sense
and respond to specific wavelengths of light over a continuous spectral
range (Burgie et al., 2014). Five photosensory systems have been
identified up to date; the phytochromes (phys) that absorb maximally in
the red (600-700 nm) and far-red (700-750 nm) regions of the spec-
trum (Chen and Chory, 2011), while blue light (390-500 nm) is medi-
ated by three different classes of photoreceptors: the cryptochromes
(crys) (Ahmad and Cashmore, 1993), phototropins (phots) (Christie,
2007) and members of the Zeitlupe family (ztl, fkfland lkp2) (Suetsugu
and Wada, 2013). In addition, ultraviolet B (UV-B) wavelengths
(280-315nm) are monitored by the UV Resistance locus 8 (UVR8)
(Jenkins, 2014).

Phys are a family of proteins that include two interconvertible
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forms, the inactive Pr and the active Pfr, which have their sensitivity
peaks in the red at 660 nm and in the far-red at 730 nm, respectively
(Smith, 2000; Demotes-Mainard et al., 2016). They govern several
processes through the plant life cycle, such as induction of seed ger-
mination, seedling de-etiolation, flowering time (Strasser et al., 2010;
Casal, 2013), leaf development (Rao et al., 2011), root elongation
(Costigan et al., 2011) and tolerance to biotic and abiotic stressors
(Ballare et al., 2012). When a germinated seedling emerges and it is
exposed to light for the first time, it can survive for a restrictive time
period that is highly depended on its seed reserves (etiolated develop-
ment) (Neff et al., 2000). Thus, it is well known that the seed size effect
is predominant regarding the early seedling developmental stages such
as germination (Milberg et al., 2000), emergence (Castro, 1999),
growth and survival (Baraloto et al., 2005).

Crys are ubiquitous photoreceptors that perceive UV-A and blue
radiation (Huché-Thélier et al., 2016). Three crys (cryl, cry2 and cry3)
have been identified In Arabidopsis, which are involved photo-
morphology, photoperiodic flowering (Koornneef et al., 1998; Lin,
2000; Selby and Sancar, 2006; Pokorny et al., 2008; Liu et al., 2011;
Gupta, 2017). Crys are also associated with stomatal opening (Sellaro
et al., 2010), anthocyanin biosynthesis (Ahmad, 2002), seed dormancy
and germination (Barrero et al., 2014), circadian clock (Somers et al.,
1998; Devlin and Kay, 2000) and de-etiolation (Ahmad and Cashmore,
1993). Apart from perceiving blue light, crys also sense the blue-to-
green ratio (Bouly et al., 2007; Sellaro et al., 2010), and along with an
unknown light sensor take part in adaptation to environments enriched
in green light (Zhang et al., 2011).

Blue and UV-A light are also perceived by phot photoreceptors. Two
phots (photl and phot2) have been identified In Arabidopsis. Low-flu-
ence (< 1mmolm~2s~ ') blue light leads to photl response. Phot2
along with photl mediates the high-fluence response. Phot1 and phot2
usually have overlapping functions and contribute to a number of light
mediated developmental responses. Phots are involved in transient in-
hibition of hypocotyl elongation and later crucial regulation of plant
growth toward a directional light orientation (Folta and Spalding,
2001). They are also associated with chloroplast accumulation, as well
as stomatal opening (Ma et al., 2001). The members of the Zeitlupe
family (ztl, fkfland lkp2) are also triggered by blue wavelengths and
affect the regulation of the circadian clock and photoperiodic flowering
(Zoltowski and Imaizumi, 2014).

UV-B radiation is mainly perceived by UVR8. Previous research
findings on the exploration of gene regulation by UVR8 photoreceptor
function in vivo, revealed its importance in UV protection such as the
induction of flavonoid biosynthesis, hypocotyl growth suppression
(Ulm et al., 2004; Jenkins, 2009) and its regulation role in epidermal
cell expansion of wild-type plants (de Veylder et al., 2011), whereas it is
possible that UVR8 can also interact with crys in the presence of solar
UV radiation (Morales et al., 2013).

Phys and crys essentially control the de-etiolation phase by in-
hibiting hypocotyl elongation, triggering chloroplast development
along with the promotion of cotyledon expansion and leaf growth, so
the photosynthetic life of the seedling initiates (Franklin and Quail,
2010). Another overlapping set of responses that takes place among
different photoreceptors is the shade avoidance syndrome (SAS), which
is regulated by phys, crys, and possibly by phots and UVRS as the plant
perceives, apart from red and far-red light, also blue and UV and the
equilibrium between blue and green radiation (Franklin, 2008; Ruberti
et al., 2012).

2. Impact of LED lighting on development, physiology and
primary/secondary metabolism of horticultural species

Natural light drives photosynthesis and also controls plenty of de-
velopmental and physiological responses throughout a plant’s life cycle.
Such responses include seed germination (Bentsink and Koornneef,
2008), apical hook opening (Jiao et al., 2007), shoot elongation (Casal,
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2013), root architecture (Sakamoto and Briggs, 2002), leaf expansion
(Cookson and Granier, 2006; de Carbonnel et al., 2010), the synthesis of
photosynthetic and photo-protective pigments (chlorophylls, car-
otenoids and anthocyanins) (Reinbothe and Reinbothe, 1996;
Brazaityte et al., 2006; Merzlyak et al., 2008; Pizarro and Stange, 2009;
Li and Kubota, 2009; Samuoliene et al., 2013; Ouzounis et al., 2014b;
Gupta, 2017), flowering (Alvarez-Buylla et al., 2010; Park and Runkle,
2017) and direction of growth (Pedmale et al., 2002). The aforemen-
tioned responses are mainly attributed to the effects of blue (B), red (R)
and far-red (FR) lights and their ratios. Distinct responses to green (G)
light and/or blue/green and red/green ratios have been revealed over
the last years (Wang and Folta, 2013). Green light can stimulate pho-
tosynthesis deep in the canopy providing to carbon gain, especially
within shaded canopies (Smith et al., 2017).

Light is a very critical environmental factor for the production of
metabolites in plants (Kopsell and Sams, 2013; Carvalho and Folta,
2014). Plants produce secondary metabolites, which are distinct from
primary metabolites such as carbohydrates and amino acids. Phenolic
acids and flavonoids (phenolic compound group) are secondary meta-
bolites that assist plants with adapting to biotic and abiotic environ-
mental alterations (Wink, 2010). Phenolic compounds have critical
roles in plants as blue and red pigments, as antioxidant compounds and
as ultraviolet light screens (Lattanzio et al., 2006). Phenolic acids, such
as chlorogenic acid, p-coumaric acid, caffeic acid and chicoric acid
exert radical scavenging and antioxidant activity, as well as antifungal,
antimicrobial and antibacterial action (Lattanzio et al., 2006; Seigler,
1998; Wink, 2010). Flavonoids such as kaempferol glucoside, rutin,
quercetin and apigenin glucuronide display radical scavenging and
antioxidant activity, have metal ion chelating properties, as well as
antimicrobial and antibacterial action (Seigler, 1998). Anthocyanins
are related with flower and fruit coloration and serve as insect attrac-
tants. They demonstrate antimicrobial activity and also absorb blue or
ultraviolet light protecting cells from high light damage (Seigler, 1998).

Carotenoids are terpenoid compounds which serve as orange and
yellow accessory pigments (Solovchenko and Merzlyak, 2008). Car-
otenoids can limit the damage to membranes caused by excess light,
since they are free radical scavengers and they can efficiently dissipate
excitation energy of chlorophyll. Moreover, they are capable of ab-
sorbing light energy, which is in a spectral region where chlorophylls
are not sufficiently exploiting, and then transferring it to chlorophylls,
thus enhancing plant photosynthetic efficiency (Davies, 2004). The
xanthophyll cycle (violaxanthin, zeaxanthin and antheraxanthin are
involved) is light regulated and leads to dissipation of excess energy.
This process limits reactive oxygen species production (Demmig-Adams
and Adams, 1992). In addition, lutein and [-carotene are important
carotenoids taking part in the leaf light-harvesting complex.

2.1. Application of LED lighting in growth chambers

Plant physiological processes are variably affected by light and the
responses are species and cultivar dependent (Ouzounis et al., 2015b).
Several combinations of the radiation spectra have been tested in order
to study plant growth and development under different light conditions.
A vast number of research studies have been conducted using lettuce as
a model plant. When cool white fluorescent lamp (CWF) was supple-
mented with FR LED for lettuce growth, it caused a reduction in an-
thocyanin, carotenoid and chlorophyll content, while it enhanced fresh
and dry weights, stem length, and leaf length and width (Li and Kubota,
2009). The authors also found that R light supplemented to CWF led to
increased chlorophyll concentration, whereas supplemental B or ultra-
violet (UV) LEDs enhanced anthocyanin concentration but reduced
stem length. Red leaf lettuce grown under R supplemented with FR light
also exhibited lower anthocyanin concentration and antioxidant po-
tential, whereas R supplemented with B light imposed the exact op-
posite results (Stutte et al., 2009). Chen et al. (2016) reported that W
supplemented with monochromatic LEDs having various emission
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peaks differently affected Green oak leaf lettuce. Specifically, supple-
mental FR light negatively affected fresh weight of shoots, biomass and
pigment contents, but increased shoot-to-root (S/R) ratio and ascorbic
acid, R and B led to increased fresh weight of shoots, chlorophyll and
carotenoid contents, B and G decreased nitrate content but yellow (Y)
increased the latter, and G enhanced the accumulation of soluble su-
gars, while Y suppressed it.

In cucumber, monochromatic R light suppressed fresh and dry mass
production compared to various RB and RGB combinations, while B
light promoted fresh mass production (Hernandez and Kubota, 2016).
In addition, the authors found that more B light in different RB com-
binations led to increased leaf mass per area, chlorophyll content per
leaf area, leaf net photosynthetic rate and stomatal conductance, but
decreased plant height, hypocotyl and epicotyl length, leaf area, fresh
and dry mass. Fan et al. (2013) reported various responses of non-
heading Chinese cabbage under the influence of monochromatic and
dichromatic LEDs. Particularly, R light increased plant height but in-
duced negative effects on chlorophyll and carotenoid concentration, as
well as on four chlorophyll biosynthetic precursors (5-Aminolevulinic
acid, Mg-proporphyrin IX, Protochlorophyllide and Protoporphyrin IX),
Y light diminished dry mass production, as well as soluble sugar and
protein concentration, G light decreased chl a/b ratio, while B and RB
lights promoted the concentration of soluble proteins, chlorophylls and
carotenoids but decreased plant height. G light contributes to growth
and development of horticultural plants. Snowden et al. (2016) found
that G light positively affected leaf area index (LAI) of cucumber, stem
length of tomato, petiole length of radish and specific leaf area of
pepper at 500 umol m~2s~ !, However, G light also suppressed chlor-
ophyll concentration of cucumber. Under B light alone, the same au-
thors found suppressed dry mass, LAI stem and petiole length of to-
mato, cucumber, pepper and radish. In addition, the authors reported
higher net assimilation of cucumber, pepper, radish and lettuce, and
greater chlorophyll production of tomato, cucumber, pepper and
radish. Mustard, beet and parsley microgreens grown under FR + R
supplemented with different B light doses exhibited an increase of
several carotenoids (a- and B-carotene, lutein, zeaxanthin, neoxanthin,
violaxanthin) chlorophylls (a and b) and tocopherol under 16%, 25%
and 33% B light (Samuoliené et al., 2017). Craver et al. (2017) found
that increasing light intensities promoted the carotenoid accumulation
in mizuna and mustard microgreens, while a RB (R87:B13) LED in-
creased total integrated chlorophyll of kohlrabi and mustard, and along
with a RFRB (R84:FR7:B9) LED promoted the anthocyanin content and
total phenolic concentration of Kohlrabi. B LEDs used in combination
with R lights showed positive effects on growth, physiological and
nutritional characteristics of several horticultural species. In nine to-
mato genotypes, B supplemented to R light had positive effect on plant
biomass, attenuated upward or downward leaf curling and led to in-
creased soluble protein concentration, chlorophyll and carotenoid
concentration (Ouzounis et al., 2016). High B ratio combined with
small dose of end-of-day (EOD) FR can suppress intumescence injury in
tomato (Eguchi et al., 2016). In tomato, monochromatic R light in-
creased fructose and glucose contents, and acid invertase and neutral
invertase activities, while RB (3R1B) increased total carbohydrate,
starch and sucrose accumulation, and sucrose synthase activity (Li
et al., 2017). Moreover, both R and RB increased plant height and stem
diameter indicating that these spectra could regulate photosynthesis
and plant morphology. W and RB LEDs negatively affected the growth
performance of sunflowers, whereas HPS increased top leaf tempera-
ture, fungal species abundance compared to natural light (Alsanius
et al.,, 2017). In an experiment involving two basil cultivars grown
under light treatments with continuous radiation spectra, Bantis et al.
(2016) reported that the most B and UV (1%) containing continuous
LED light led to decreased S/R ratio and increased total phenolic con-
tent. Two treatments with low R:FR ratio (highest in R and FR; and high
in B, R, and FR) had a positive effect on plant shoot height. Moreover,
the three aforementioned light treatments enhanced the total biomass
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production of basil by more than 40% compared to FL (detailed spec-
trum percentages in Table 1). In a study purposely comparing cultiva-
tion of artichokes under greenhouse conditions or under monochro-
matic LEDs in a growth chamber, the authors (Rabara et al., 2017)
found that R LED increased shoot dry weight and height compared to
natural light, even though natural light was three times the total PPFD
of R LED. Huang et al. (2017) reported that B led to increased dry
biomass of oyster mushrooms, while high intensity of B light enhanced
DPPH radical-scavenging effect, Fe-chelating ability, reducing power
and soluble sugar content. Urrestarazu et al. (2016) tested the impact of
a conventional LED or a LED with “good spectral fit to the maximum
photosynthetic response” on lettuce tomato and pepper and reported
that the latter LED treatment increased the energetic efficiency of all
species.

In roses, several responses have been reported with increased B:R
ratio, such as greater leaf biomass, decreased leaf area and shoot bio-
mass, and formation of sun-adapted leaves, while no effect was ob-
served on flowering (Terfa et al., 2013). RB LEDs causes greater pho-
tosynthetic rate of chrysanthemum plantlets, compared to
monochromatic B or R light, while the R and FR combination led to
greater stem length compared to the B and FR combination (Kim et al.,
2004b). The same authors reported that B light positively affected the
stomata number but decreased their size, whereas the B and R combi-
nation decreased the stomata number but increased their size. Orchid
(Oncidium ‘Gower Ramsey’) plantlets showed greater dry weight under
a combination of B and R LEDs compared to fluorescent lamps (Mengxi
et al.,, 2011). Another study with orchids revealed greater leaf expan-
sion and number, chlorophyll content and fresh and dry weight under
the influence or R with B and FR compared to monochromatic R and B
lights (Chung et al., 2010), while orchid seedlings cultivated under B
light exhibited shorter leaf length and width compared to CWF lamps
(Lee et al., 2011). Ageratum, marigold and salvia increased their dry
weights under FL and BR LED compared to BFR and RFR LEDs, but
shoot lengths were negatively affected by BR light compared to RFR
and BFR lights. Moreover, the number of floral buds, the occurrence of
flower opening and the carbohydrate accumulation were enhanced by
BR LED compared to the rest of the treatments (Heo et al., 2006). In two
chrysanthemum cultivars treated with night-break, shoot elongation
was enhanced under treatments that emitted FR compared to short day
treatment and R (peak at 630 nm and 660 nm) containing LED treat-
ments with no FR (Liao et al., 2014). A study with geranium, petunia,
snapdragon and impatiens revealed a linear decrease of plant height
and total leaf area (only in geranium and snapdragon) as the R:FR in-
creased. Whole-plant net assimilation was increased in geranium,
snapdragon and impatiens with additional FR radiation, while FR also
promoted flowering of the long-day snapdragon (Park and Runkle,
2017). B and RB lights increased maximum quantum yield (F,/F,,) and
quantum efficiency (®PSII) of Cordyline australis, Ficus benjamina and
Sinningia speciosa, and also increased palisade parenchyma in S. speciosa
(Zheng and Van Labeke, 2017). Moreover, B light positively affected
the stomatal conductance, stomatal index and/or stomatal density of all
species, and also leaf thickness and palisade parenchyma of F. benja-
mina.

An overall overview of the effects of different light spectra on plant
photomorphogenesis, photosynthesis, and metabolism in closed sys-
tems is presented in Table 1.

2.2. Application of LED lighting in greenhouses

Supplemental lighting in greenhouses is a common method for
nursery growers to increase daily light integral (DLI) perceived by
plants in order to enhance seedling production and plant growth. For
this purpose several types of artificial lighting sources (in particular
HPS, FL and recently LEDs) have already been used (Tinus, 1995;
Bourget, 2008). However, the use of LEDs during greenhouse cultiva-
tion is rather new and has great potential both from a commercial and
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research point of view. LEDs could be used as photoperiodic, supple-
mental or photomorphogenic lighting for numerous plant species
(Morrow, 2008; Mitchell et al., 2012; Kozai et al., 2016). Light intensity
was the parameter mainly studied but light quality can also affect
growth and development of plants. Until nowadays, not many studies
have been published regarding the implementation of LEDs in green-
houses where plants are also influenced by natural light, while most of
the studies involve top-lighting applications. When top-lighting is used
alone it provides imbalanced light quantity (intensity) and quality
distribution along tall plants (Frantz et al., 2000). Intracanopy lighting,
which is the implementation of light within the plant canopy, is also
essential for contributing to photosynthesis (Davis and Burns, 2016).
However, the reported results are controversial, firstly because different
plant species and cultivars are used and second due to various experi-
mental conditions.

When grown in a greenhouse, tomato fresh and dry weights were
positively affected by natural light with supplemented W or R LEDs. W
light also enhanced the fruit growth rate compared to monochromatic R
or B, or no supplemental light following the trend of solar radiation
level (Lu et al., 2012). Another study with two tomato cultivars re-
vealed greater harvest period, number of nodes, number of harvested
fruits and total fresh weight of fruits when LED (95% R, 5% B) was used
for intracanopy lighting, compared to natural light (Gomez et al. 2013).
In a recent study (Lanoue et al., 2017), tomato exhibited greater tran-
spiration rates but lower water use efficiency under natural light sup-
plemented with RB or RW LEDs. Moreover, supplemental FR positively
affected the stem length and fruit yield of tomato in the first month of
the trial, as well as carotenoid content during the whole experiment
(Hao et al., 2016). Trouwborst et al. (2010) working with cucumber
found extremely curled leaves, as well as higher leaf mass per area and
dry mass allocation, but lower leaf appearance rate and plant length
under LED (20% B/80% R) intracanopy lighting compared to natural
light supplemented with HPS. Cucumber cultivated under LED (14% B,
16% G, 53% R, 17% FR) top-lighting and the same LED for intracanopy
lighting showed greater light use efficiency, leaf expansion, stem
growth and fruit abortion rate, but decreased number of fruits, yield
and flower initiation rate compared to HPS-HPS and HPS-LED top-
lighting - intracanopy lighting combinations (Sarkka et al., 2017). Guo
et al. (2016) applied top and bottom vertical LEDs in mini-cucumber
production, which resulted in more than 10% fruit yield increase.
Moreover, the authors found that plasma light supplemented with
vertical B light placed at the top of the canopy reduced leaf size, plant
height and subsequently fruit yield in the first month, while vertical FR
at the top of the canopy increased fruit yield compared to bottom ca-
nopy vertical LEDs. In addition to intracanopy lighting, Song et al.
(2016) tested the impact of different light qualities when applied un-
derneath the plant canopy. The group found that lighting from both
directions positively affected the photosynthetic efficiency, reduced the
closure of stomata and improved their performance, especially under
WRB and WB treatments (compared to RB and WRFR). The authors also
reported different mechanisms of photosynthesis improvement, with
intracanopy lighting increasing stomatal conductance, CO, supply and
thus electron transport activity, while underneath lighting increased
CO, supply and assimilation efficiency, and excess energy dissipation
leading to higher photosynthetic rate. Natural light supplemented with
LED light enhanced a number of leaf characteristics in strawberry, in-
cluding leaf photosynthetic rates, leaf dry mass, leaf area and specific
leaf weight. Moreover, average fruit weight, fruit number, marketable
yield, fruit soluble solids content were also favored under supplemental
LED light (Hidaka et al., 2013). No significant effect in carotenoid
concentration of lettuce was found under B and R LED or under HPS
lamps (Martineau et al., 2012). However, Ouzounis et al. (2015a) re-
ported greater pigment (chlorophylls and carotenoids) and phenolic
(phenolic acids and flavonoids) concentration in green and red leaf
lettuce under natural light supplemented with B LED compared to
natural light with HPS. Further, they have also recorded increased
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Table 1

Spectral effects on horticultural and ornamental species grown in closed systems.

Scientia Horticulturae 235 (2018) 437-451

Plant type Lighting conditions Species Effects on plants Reference
Horticultural CWF lamps supplemented with Lettuce (Lactuca FR: Increased fresh and dry weight, stem Li and Kubota
species FR (734nm, 160 = 5pmol m~2s™Y), sativa cv. Red Cross) length, leaf length and width. Reduced (2009)

R (658 nm, 130 *= 10pumolm 25~ 1),

G (526 nm, 130 + 10pumolm 2s™1),

B (476 nm, 130 * 10pumol m~2s~ 1) or
UV-A (373nm, 18 * 2pmolm 25~ 1),

In total 300 yumol m 251,

R supplemented with FR (RFR, FR:730 nm,
300 + 20 pmolm ~2s~1) LED, B (BR,
B:440 nm, 30 + 270 ymolm™~2s~1) LED

*
=+

R (658 nm), Y (590 nm), G (520 nm), B
(460 nm) and RB (R:B = 6:1) LEDs,

150 pmol m ~2s ™1,

W (135 umolm 25~ 1) LED and W

(105 umol m ~ 25~ 1) LED supplemented with
FR (850 nm), R (660 nm), Y (596 nm), G
(522nm), B (450 nm) LEDs emitting

30 umolm~2s~ ! each.

FL and LEDs with continuous spectra (12% B,
19% G, 61% R, 8% FR; 8% B, 2% G, 65% R,
25% FR; 14% B, 16% G, 53% R, 17% FR; and
1% UV, 20% B, 39% G, 35% R, 5% FR).
200 + 20 pumolm~2s™ 1.
Experiment 1: CWF and BR (10% B: 455 nm,
90% R: 661 nm, 69 + 2umolm2s') LEDs
or BR LEDs supplemented with end-of-day
(EOD) FR (743 nm, 66 umol m™2s™') LED.
Experiment 2: CWF and BR (10% B, 90% R
and 75% B, 25% R, 102 = 3umolm2s™)
LEDs or BR LEDs supplemented with different
FR doses (0, 1.1, 2.1, 4.2, 9.4, or
76.0 mmol m2d™).
BR (B: 445 nm, R: 661 nm. BO:R100%,
B10:R90%, B30:R70%, B50:R50%, B75:R25%
and B100:R0%) LEDs. In total about

2.1

100 ymolm™“s

RB (R: 662 nm, B: 456 nm. 88R/12B) LED
compared to R LED.

150 + 20 umolm~2s™ 1,
Warm, neutral, cool white, R (600-700 nm),

G (500-600 nm), B (400-500 nm), RB and
RGB LEDs, 500 umolm ~2s~ 1,

Red-leaf lettuce
(Lactuca sativa cv.
Outeredgeous)

Non-heading
Chinese cabbage
(Brassica campestris
cv. Te’aiging)

Green Oak Leaf
Lettuce (Lactuca
sativa cv. crispa)

Basil (Ocimum
basilicum cv. Lettuce
Leaf and Red Rubin
hybrid)

Tomato rootstock
(Solanum
Lycopersicum x Sola-
num habrochaites,
cv. Beaufort)

Cucumber (Cucumis
sativus cv.
Cumlaude)

Nine tomato
genotypes (Solanum
Lycopersicum, S.
pimpinellifolium, S.
habrochaites)
Lettuce (Lactuca
sativa cv.
Waldmann’s Green),
cucumber (Cucumis
sativa cv. Sweet
Slice), tomato
(Solanum
Lycopersicum cv.
Early girl), radish
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anthocyanins, carotenoids, chlorophyll
concentration.

R: Increased chlorophyll concentration.

B: Increased anthocyanins concentration.
Decreased stem length and leaf length.
UV-A: Increased anthocyanins concentration.
Decreased stem length.

FR: Reduced anthocyanin content and
antioxidant potential.

B: Increased anthocyanin content and
antioxidant potential.

R: Increased plant height. Decreased
chlorophyll and carotenoid concentration.
Decreased 5-Aminolevulinic acid, Mg-
proporphyrin IX, Protochlorophyllide and
Protoporphyrin IX.

Y: Decreased dry mass, soluble sugar and
protein concentration.

(G) Decreased chl a/b.

B: Increased soluble sugar concentration and
chl a/b. Decreased plant height.

RB: Increased soluble protein concentration,
chlorophyll and carotenoid concentration.
Decreased plant height.

WFR: Increased S/R ratio and ascorbic acid.
Decreased fresh weight of shoots, biomass and
pigment contents.

WR: Increased fresh weight of shoots,
chlorophyll and carotenoid contents

WY: Increased nitrate content. Decreased
chlorophyll content and soluble sugar
accumulation.

WG: Decreased nitrate content. Increased
soluble sugar accumulation.

WB: Increased fresh weight of shoots,
chlorophyll and carotenoid contents.
Decreased nitrate content.

More B and 1% UV increased R:S ratio and
total phenolic content.

Low R:FR ratio increased shoot height.
EOD-FR: Reduced intumescence injury.

75% B/25% R + EOD-FR: Reduced the percent
number of leaves exhibiting intumescences and
stem elongation.

BR: More B light increased leaf mass per area,
chlorophyll content per leaf area, leaf net
photosynthetic rate, stomatal conductance and
decreased plant height, hypocotyl and epicotyl
length, leaf area, and fresh and dry mass.

R: Decreased fresh and dry mass.

B: Increased fresh mass

RB: Increased plant biomass in nine genotypes.
Attenuated the upward or downward leaf
curling.

Increased chlorophyll and flavonol index

B: Increased net assimilation of cucumber,
pepper, radish and lettuce. Increased
chlorophyll concentration of tomato,
cucumber, pepper and radish. Decreased dry
mass, LA, stem and petiole length of tomato,
cucumber, pepper and radish.

G: Increased LAI of cucumber, stem length of
tomato, petiole length of radish, specific leaf

Stutte et al.
(2009)

Fan et al.
(2013)

Chen et al.
(2016)

Bantis et al.
(2016)

Eguchi et al.
(2016)

Hernandez
and Kubota
(2016)

Ouzounis
et al. (2016)

Snowden
et al. (2016)

(continued on next page)
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Plant type Lighting conditions Species Effects on plants Reference
(Raphanus sativus area of pepper at 500 umol ~2s ™!, Decreased
cv. Cherry Belle) chlorophyll concentration of cucumber.
and pepper
(Capsicum annum
cv. California
Wonder)
RB (87% R/ 13% B), RFRB (84% R/ 7% FR/ Brassica Mizuna and mustard: Increasing intensities led Craver et al.
9% B) or RGB (74% R/ 18% G/ 8% B) LEDs at microgreens: to greater carotenoid content. (2017)
three intensities: 105, 210 and Kohlrabi (Brassica Kohlrabi and mustard: R87:B13increased total
315umol m 251, oleracea cv. integrated chlorophyll.
gongylodes), Kohlrabi: Increasing intensities and R87:B13 or
mustard (Brassica R84:FR7:B9 led to greater anthocyanin
juncea cv. Garnet content. R84:FR7:B9 increased total phenolic
Giant), and mizuna concentration at low light intensity.
(Brassica rapa cv.
japonica)
Experiment 1: R (625 nm), G (530 nm), B Oyster mushrooms B: Increased dry biomass. Huang et al.
(460nm) and W (B + R + G) LEDs. (Lentinus sajor-caju) Higher B intensity increased DPPH radical- (2017)
10umol m 251, scavenging effect, Fe-chelating ability,
Experiment 2: B LED in different intensities. reducing power and soluble sugar content.
10, 20, 30 and 40 umolm ™25~
LEDs emitting R (657 nm), B (457 nm), P Tomato (Solanum R: Increased fructose and glucose contents, and Li et al.
(417 nm), W and RB combinations (R:B= 1:1, Lycopersicum cv. acid invertase and neutral invertase activities. (2017)
and R:B = 3:1). 300 + 3 umolmds’l. SV0313TG) RB 3:1: Increased total carbohydrate, starch
and sucrose accumulation, sucrose synthase
activity
R and RB combinations: Increased plant height
and stem diameter.
P: Reduced seedling growth and Pn, and acid
invertase and neutral invertase activities.
R and P: Reduced root growth was lower under
R and P.
R, B and P: Reduced sucrose phosphate
synthase activity.
Natural light (789 pmolm™~%s™') compared Artichoke (cvs. R: Increased shoot dry weight and height Rabara et al.
to R (237 umolm~2s~1), W Green Globe, compared to natural light. (2017)
(21 pmolm ™25~ 1) or B (41 pmolm ™25~ 1) Cardoon, and W and B: Decreased biomass compared to
LEDs. Violetto) natural light.
FR (731 nm, 2.5 molm~2s~ ') LED, R Microgreens of Mustard: 16% B increased zeaxanthin, lutein, Samuoliene
(660 nm, 170 pmol m~2s™ 1) LED, R (638 nm, mustard (Brassica neoxanthin, violaxanthin and tocopherol, and et al. (2017)
130, 105, 80, 55 or 30 umolm ~2s~') LEDs Jjuncea cv. Red Lion), decreased chlorophyll index.
and 0, 16, 25 and 33 % B (445 nm, 0, 25, 50, beet (Beta vulgaris
or 100 |,1molm’2 s~ 1) LEDs. cv. Bulls Blood) and
In total 300 = 3pmolm 251, parsley 25% B increased lutein, neoxanthin and
(Petroselinum violaxanthin.
crispum cv. Plain 33% B increased a- and B-carotene,
Leaved or French) chlorophyll b, chlorophyll a and chlorophyll
index.
Beet: 16% B increased a-carotene, (3-carotene,
lutein, neoxanthin, violaxanthin and
tocopherol.
25% B increased violaxanthin.
33% B increased fB-carotene, zeaxanthin,
lutein, violaxanthin, chlorophyll a, carotenoid
and tocopherol.
Parsley: 16% B increased lutein, neoxanthin,
violaxanthin and tocopherol, and decreased
chlorophyll index.
25% B increased zeaxanthin, lutein and
neoxanthin.
33% B increased f-carotene, zeaxanthin and
lutein.
Two PPF intensities (L: low, and H: high) Lettuce (cv. Astorga T1: Increased energetic efficiency of all Urrestarazu
from two types of LEDs with continuous and cv. Cervantes), species. et al. (2016)
spectra: conventional LED (T0) or LED with tomato (cv. At both L and H intensities, plant growth was
“good spectral fit to the maximum Simona), and linked to the T1 spectra.
photosynthetic response” (T1). pepper (cv. Dulce
italiano)
Ornamental FL lamps and monochromatic R (650 nm), Chrysanthemum B: Increased stomata number. Decreased Kim et al.
species monochromatic B (440 nm), RB (1:1), RFR (Dendranthema stomata size. (2004b)
(FR: 720 nm, 1:1) and BFR (1:1). In total grandiflorum cv. RB: Increased photosynthetic rate and stomata
50 *+ Sumolm~ 2571, Cheonsu) size. Decreased stomata number.
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RFR: Increased stem length.

(continued on next page)
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Plant type Lighting conditions Species Effects on plants Reference
FL lamps and monochromatic R (660 nm), Orchid (Oncidium RBFR: Increased leaf expansion and number, Chung et al.
monochromatic B (455 nm), RB, RFR (FR: cv. Gower Ramsey) chlorophyll content and fresh and dry weight (2010)

730 nm), BFR and RBFR LEDs. In total
50 pmolm =25~ 1,

B (10%-30%) and R LEDs.

WWEF, CWF, and R (660 nm), B (450 nm), RB
(9:1) and RGB (660:525:450 nm, 8:1:1) LEDs.

HPS or RB (80% R: 630 nm, 20% B: 465 nm)
LED.

100 umol m =25~
Incandescent lamp, and five LEDs with
emission peak at 630 nm, 660 nm, 690 nm,
735nm, and a combination of 660 nm and
735 nm.

1

CWF lamps, and BR (1:1), RFR (1:1) and BFR
(1:1) LEDs.
90 + 10pmolm 2571,

B-R LED and B-R-FR LEDs combinations.

DLI of 10molm~2s~1,

B (460 nm), R (660 nm), W (7% B, 16% G,
75% R, 2% FR) and RB (75% R - 25% B) LEDs.

100 pmol m 25~ 1,

Orchid (Oncidium

compared to monochromatic R and B.

BR: Higher dry weight and protein

Mengxi et al.

cv. Gower Ramsey) accumulation compared to FL. (2011)
Orchid B: Decreased leaf length compared to CWF. Lee et al.
(Paphiopedilum cv. (2011)
Hsingying Carlos)

Rose RB: Increased leaf biomass. Decreased leaf area Terfa et al.
(Rosa X hybrida cv. and shoot biomass. No effect on flowering (2013)
Toril)

Chrysanthemum The FR-containing treatments increased shoot Liao et al.
(Chrysanthemum elongation compared to non FR-containing (2014)
morifolium cv. treatments, when applied at night-break.

Jimba and cv. Iwa

no hakusen)

Ageratum (Ageratum FL and BR: Increased dry weights compared to Hao et al.
houstonianum cv. BFR and RFR. (2016)
Blue Field), RFR and BFR: Increased shoot lengths

marigold (Tagetes compared to BR.

erecta cv. Orange BR: Increased the number of floral buds, the

Boy), and salvia occurrence of flower opening and the

(Salvia splendens cv. carbohydrate accumulation.

Red Vista)

Geranium All species: Linear decrease of plant height Park and
(Pelargonium x hort- with increasing R:FR. Runkle
orum), petunia Geranium, snapdragon and impatiens: Increase (2017)
(Petunia x hybrida), of whole-plant net assimilation with increasing

snapdragon FR.

(Antirrhinum majus), Geranium and snapdragon: Linear decrease of

and impatiens leaf area with increasing R:FR.

(Impatienswallerian- Snapdragon: Increased flowering with

a) increasing FR.

Cordyline australis B and RB: Increased F,/F,, and ®PSII in all Zheng and
cv. Red Star, Ficus species. Moreover, they increased palisade Van Lebeke
benjamina cv. parenchyma in S. speciosa. (2017)

Exotica, and R: Decreased biomass.
Sinningia speciosa cv. B: Increased stomatal conductance, stomatal
Sonata Red index and/or stomatal density of all species.

Moreover, it increased leaf thickness and
palisade parenchyma of F. benjamina.

stomatal conductance and increased yield of non-photochemical
quenching (NPQ) in green lettuce, while quantum yield of PSII de-
creased in red lettuce under supplemented B light. B light increased
stomatal density but had negative effect on chilling tolerance and shelf
life performance of sweet basil compared to natural light (Jensen et al.,
2018). In addition, G had positive effects on chilling tolerance, but
decreased stomatal density.

Owen and Lopez (2017) reported that the foliage colour of ger-
anium and purple fountain grass was enhanced when plants were
grown under a low greenhouse daily light integral (<9molm~2d ™ 1),
after 14 days of end-of-production supplemental lighting and under
100 umol m ™25~ of 50:50 or 0:100 R:B LED light. Higher B percentage
led to greater stomatal conductance, and phenolic acid and flavonoid
production in roses, chrysanthemums and campanulas. In addition,
monochromatic R LED caused curled leaves and other morphological
abnormalities in the three species, while 40% B/60% R led to lower
plant height in roses and chrysanthemums, and smaller leaves in
campanulas compared to 20% B/80% R, monochromatic R and W LEDs
(Ouzounis et al., 2014b). Two Phalaenopsis hybrid cultivars (“Vivien”
and “Purple Star”) had greater lutein concentration under increasing B
light which led to increased G/Y light absorption (Ouzounis et al.,
2014a). Moreover, the authors reported greater NPQ, but decreased
electron transport rate in “Vivien” hybrid cultivar under 40% B/60% R
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light, compared to natural light or natural light supplemented with
monochromatic R. In snapdragon and geranium, BGR + FR light led to
faster flowering by 7 days on average, and also increased leaf area and
plant height of snapdragon (Poel and Runkle, 2017). Meng and Runkle
(2014) tested the impact of INC, HPS, and CFL lamps with a LED lamp
emitting R + FR + W light on seven ornamental plants, in a commer-
cial greenhouse. The authors practiced night interruption technique and
they found that flowering on most species was similar in LED, INC and
HPS lamps, revealing that LEDs were at least as effective as the rest of
the lamps in controlling flowering.

An overall overview of the effects of different light spectra on plant
photomorphogenesis, photosynthesis, and secondary metabolism in
greenhouses is presented in Table 2.

2.3. Application of LED lighting in vertical farming systems

Vertical farming is a more recent CEA system where electric lamps
are solely used for the provision of light to plants. Vertical farming is
practiced indoors under controlled conditions (light, heating, ventila-
tion, air-conditioning and CO, enrichment) (Kozai et al., 2015; Gupta,
2017). These systems have several benefits for the production of fresh
vegetables, such as 1) higher (more than 100 times) annual productivity
compared to field agriculture and regardless of season and outdoors
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Table 2

Spectral effects on horticultural and ornamental species grown in greenhouses, nurseries and open field.
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Plant type Lighting conditions Species Effects on plants Reference

Horticultur- Natural light supplemented with HPS Cucumber (Cucumis LED: Increased leaf mass per area and dry mass Trouwborst
al (221 umolm_2 s~1), or with HPS sativus cv. Samona) allocation to leaves. Decreased leaf appearance et al. (2010)
species (139 umolm~2s~') and LED (20% B: rate and plant length. Leaves were extremely

465 nm, 80% R: 667 nm) intracanopy lighting
(82 pmolm_2 s7h.

Natural light supplemented with W, R or B
LEDs.

Natural light supplemented with HPS, LED or
regular greenhouse HPS level.

Natural light or natural light supplemented
with HPS or RB LED (95% R: 627 nm, 5% B:
450 nm) for intracanopy lighting. DLI of
9molm~2day .

Natural light supplemented with fluorescent
(emission lines at 405, 435 and 545 nm, peaks
at 450 and 610 nm) lamp or W (peaks at 450
and 550 nm) LED.

Natural light supplemented with HPS
emitting 90 = 10umolm~?s™! or B LED
emitting 45 or 80 ymolm~2s ™! at different
time of the day.

Natural light supplemented with top-lighting
HPS or plasma lights (165 pmolm~2s~?
PAR) and vertical combinations (top and
bottom) of FR (725-750 nm, 8 ymol m ~2s ™ 1),
R (650-670 nm, 10 umolm ~2s~') and B
(455-485nm, 10 ymol m 2~ 1),

Natural light supplemented with HPS + FR
(725-750nm, 0, 8, 16 or 24 umolm 25~ 1)
LEDs.

165 umolm~2s~! PAR.

Natural light supplemented with RB (3:1),
WRB (3:2:1), WRFR (3:2:1) or WB (2:1) LEDs
placed either intracanopy or underneath the
canopy.

200 umol m 251,

Natural light supplemented with HPS and W
or RB (80%R: 660 nm/20%B: 460 nm) LEDs
(70- 120 ymol m =25~ 1),

DLI of 7molm ™25~ 1.

Natural light supplemented with

100 + 25umolm~2s~! of HPS, RB or RW

LEDs.

Three top-light and intracanopy light
combinations with HPS and LED with
continuous spectra (14% B, 16% G, 53% R,
17% FR).

HPS-HPS (290 + 90 umolm~2s™1),

Tomato (Solanum
Lycopersicum cv.
Momotaro Natsumi)

Lettuce (Lactuca
sativa cv. capitata)

Tomato rootstock
(Solanum
Lycopersicum X S.
habrochaites cv.
Maxifort) and scions
(cv. Komeett and
Success)

Strawberry
(Fragaria ananassa
cv. Fukuoka S6)

Green and red
lettuce (Lactuca
sativa cv. Batavia
and cv. Lollo Rossa)

Mini-cucumber
(Cucumis sativus)

Tomato (Solanum
Lycopersicum cv.
Foronti grafted on
rootstock cv.
Stallone)

Tomato
(Lycopersicon
esculentum, NS3389)

Sunflower
(Helianthus annuus
cv. Teddy bear)

Tomato (Solanum
Lycopersicum cv.
Bonny Best)

Cucumber (Cucumis

sativus cv.
Toploader)
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curled.

W: Increased fresh and dry yield. Increased
fruit fresh weight per unit photons emitted.
Increased fruit growth rate when solar
radiation was high, and decreased it when
solar radiation was low.

R: Increased fresh and dry yield

No significant difference in concentrations of
b-carotene, chlorophyll a, chlorophyll b,
neoxanthin, lutein, and antheraxanthin

LED: Increased the harvest period, number of
nodes, number of fruits harvested and fruit
fresh weight compared to natural light.

LED: Increased leaf photosynthetic rates, leaf
dry mass, leaf area, specific leaf weight,
average fruit weight, fruit number, marketable
yield, fruit soluble solids content

Green lettuce — B light: Plants were more
compact. Increased stomatal conductance,
pigments (chlorophylls and carotenoids),
phenolic acids and flavonoids.

Red lettuce — B light: Plants were more
compact. Increased yield of non-
photochemical quenching, pigments, phenolic
acids and flavonoids. Decreased quantum yield
of PSIIL

Vertical LEDs resulted in more than 10% fruit
yield increase.

Plasma light: Top B reduced leaf size, plant
height and fruit yield in the first month. Top
FR increased fruit yield compared to bottom
canopy.

FR: Increased the stem length and fruit yield in
the first month of the trial. The increase
diminished in the second and third month of
fruit harvest. Moreover, FR increased
carotenoid content.

Underneath canopy: WRB and WB increased
health index, development rate and promoted
better performance.

Moreover, it increased photosynthesis by
enhancing the CO, supply and CO,
assimilation efficiency and excessive energy
dissipation.

Intracanopy: Increased photosynthesis by
increasing the stomatal conductance to
enhance the CO2 supply for leaf, thereby
promoting photosynthetic electron transport
activity.

In all treatments, WRB and WB could better
stimulate stomatal opening and promote
photosynthetic electron transport activity, thus
better improving photosynthetic rate.

LED: Reduced growth performance.

HPS: Increased top leaf temperature, fungal
species abundance.

RB: Increased transpiration rates. Decreased
water use efficiency

RW: Increased transpiration rates. Decreased
water use efficiency

LED-LED: Increased light use efficiency, leaf
expansion, stem growth, fruit abortion rate.
Decreased number of fruits, yield and yield
potential, flower initiation rate.

Lu et al.
(2012)

Martineau
et al. (2012)

Goémez et al.
(2013)

Hidaka et al.
(2013)

Ouzounis
et al. (2015a)

Guo et al.
(2016)

Hao et al.
(2016)

Song et al.
(2016)

Alsanius et al.
(2017)

Lanoue et al.
(2017)

Sarkké et al.
(2017)

(continued on next page)
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Plant type Lighting conditions Species Effects on plants Reference
LED-LED (160 + 125 umolm~2s~1), HPS-LED: Increased yield, leaf and flower
HPS-LED (290 + 125 umolm™~2s™1). appearance rate. Decreased fruit abortion rate.
Natural light supplemented with RB (80% R: Sweet Basil B: Increased stomatal density but had negative Jensen et al.
657 nm - 20% B: 447 nm, and 40% R - 60% (Ocimum basilicum) effect on chilling tolerance and shelf life (2018)
B), RB + UV-A (80% R - 20% B + UV-A: performance.
395 nm) or RG (80% R - 20% G: 527 nm) G: positive effects on chilling tolerance, but
LEDs. decreased stomatal density.
120 increasing up to 190 ymolm~?s~* due Absisic acid (ABA) and ABA glucosylester had
to plants getting taller. positive correlation to stomatal density. ABA-
GE/ABA ratio had negative correlation to
stomatal density.
Ornamental Short days (SD: 9 h of light) and 4 h of night Ageratum (Ageratum Time to flower and flowering percentage were Meng and
species interruption (NI) provided by R + W + FR houstonianum cv. similar under all light treatments, with few Runkle
LED, CFL, HPS or INC lamps. Hawai Blue), exceptions. (2014)
calibrachoa Ageratum, dianthus, petunia, snapdragon, and
(Calibrachoa x hyb- verbena flowered earlier under NI than under
rid cv. Callie Deep SD.
Yellow), dahlia For most species, plant height and visible
(Dahlia x hybrid cv. flower bud or inflorescence number at
Dahlinoca Texas), flowering were similar under LED and INC.
dianthus (Dianthus
chinensis cv. Telstar
Crimson), petunia
(Petunia X hybrid
cvs. Easy Wave
Burgundy Star and
WPCQ), snapdragon
(Antirrhinum majus
cv. Liberty Classic
Yellow), and
verbena
(Verbena x hybrid
cv. Obsession)
Natural light or B/W (32% B), R or 40% B/ Two Phalaenopsis 40% B/60% R: Increased non-photochemical Ouzounis

60% R LEDs. LEDs emitted 200 pmol m =251,
DLI was 11.4 + 0.9 molm ™2 day .

W, R (650-670 nm), 40% B/60% R (B:
450-485nm) and 20% B/80% R LEDs.

LEDs emitted 200 umol m~2s~ . DLI was
11.52mol m~2day .

Two HPS lamps (90 or 10 umol m ™25~ ") and
four LEDs (90 umol m~2s71): 10% B

(453 n1m)/90% R (660 nm), 45% B/ 55% R,
10% B/5% G (500-600 nm)/85% R and 12%
B/10% G/68% R + FR (737 nm,
12pumol m ™25~ 1).

Natural and day-extension light (W LED) and
natural light supplemented with HPS,
monochromatic B (460 nm) LED,
monochromatic R (660 nm) LED, or a
combination of R and B (R:B = 87:13 or
50:50) LEDs.

hybrids (cv. Vivien
and cv. Purple Star)

Rose (Rosa hybrida
cv. Scarlet),
chrysanthemum
(Chrysanthemum
morifolium cv. Coral
Charm) and
campanula
(Campanula
portenschlagiana cv.
BluOne)

Geranium
(Pelargonium x hort-
orum cv. Pinto
Premium Salmon),
pepper cv. Long Red
Slim Cayenne,
petunia

(Petunia x hybrida
cv. Single Dreams
White), snapdragon
cv. Montego Yellow,
and tomato cv.
Supersweet.
Geranium
(Pelargonium x hort-
orum cv. Black
Velvet) and purple
fountain grass
(Pennisetum X adve-
na)

quenching and decreased electron transport
rate in cv. Vivien.

Increasing B led to increased lutein
concentration and greater absorption of the
green/yellow part of the spectra.

B: Higher percentage increased stomatal
conductance, and phenolic acid and flavonoid
production.

R: Curled leaves and other morphological
abnormalities.

(40% B/60% R) Decreased plant height in
roses and chrysanthemums, and leaves in
campanulas compared to 20% B/80% R.

Snapdragon: B12G20R68 + FR increased leaf
area and plant height, and led to faster
flowering by 7 days on average.

Geranium: B45R55 and B12G20R68 + FR
flowered 7 to 9 days earlier.

HPS 10 umol m ™25~ ': Reduced dry weight
and took longer to flower.

50:50 R:B and B: Increased the foliage colour
14 days after end-of-production, when
greenhouse DLI was low (9 molm™~2d™~1).

et al. (2014a)

Ouzounis
et al. (2014b)

Poel and
Runkle
(2017)

Owen and
Lopez (2017)
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Spectral effects on horticultural species grown in vertical farming systems.
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Plant type

Lighting conditions

Species

Effects on plants

Reference

Horticultur-
al
species

RGB (11-4-3 chips) LED supplemented with
UV-A (352 nm, 3.7 W), UV-B (306 nm, 4.2 W)
or UV-C (253.7 nm 7.5 W) LEDs.

Eight combinations of R (625 nm), B (465 nm,
0, 10, 20 and 30%) and G (525 nm, 0 and
10%) LEDs.

150 + 15umolm 25~ 1,

R (660 nm, 200 *+ Spmolm’zs’l) and B

Red-leaf lettuce

(Lactuca sativa cv.

Hongyeom)

Lettuce (Lactuca
sativa cv. green-
skirt)

Green oak leaf

UV-A: Increased fresh and dry weights of
shoots up to day-6, total phenolic
concentration, antioxidant capacity and PAL
activity at day-3, total anthocyanin
concentration up to day-4, and PAL gene
expression after day-4.

UV-B: Decreased F,/F,,, shoot fresh and dry
weights. Increased total phenolic
concentration, antioxidant capacity at day-2,
and PAL activity at day-3.

UV-C: Decreased Fy/Fp, shoot fresh and dry
weights.

80% R/20% B: Increased photosynthetic rate.
Photosynthetic rate decreased with additional
G or absence of B. Higher B decreased leaf size
and plant growth. Shade avoidance response in
the absence of B.

No alteration, 8 h: Sparse plants.

Lee et al.
(2014)

Kang et al.
(2016)

Chen et al.

(450 nm, 100 = 3 pmol m~2s~ 1) LEDs in lettuce (Lactuca No alteration, 16 h: Compact plants. Increased (2017)
four alternating light patterns (16 h sativa cv. crispa) biomass and crude fiber content, but decreased
photoperiod with alteration every 1, 2, 4 or soluble sugar content
8h) or no alterations (8 or 16 h photoperiod). R/B 8 h: Increased plant height/width and leaf

length/width

R/B 4h and 2 h: Increased ascorbic acid

content and decreased nitrate content.

R/B 8h and 1 h: Increased yield and nitrate

content. Decreased ascorbic acid content
Continuous spectrum LED light and Lettuce (Lactuca W lacking G: Reduced shoot and root dry Liu et al.
continuous spectrum LED light lacking G sativa cv. weight, chlorophyll a, b, and carotenoid (2017)
(480-560 nm). 95-105 umolm 25~ 1, youmaicai) contents, net photosynthetic rate, dark

respiration.
R (655nm), B (456 nm), and different RB Red-leaf lettuce Higher R increased growth and photosynthetic Son et al.
ratios combined with three LEDs (R9B1, (Lactuca sativa cv. rates but decreased chlorophyll and (2017)

R8B2, and R6B4). Treatments were applied

Sunmang)

antioxidant phenolic content.

for 4 weeks as follows: control (continuous
irradiation of each light), monochromatic
(changing from R to B at 1, 2, or 3 weeks),
and combined (changing from R9B1 to R8B2
or R6B4 at 2 or 3 weeks).

151 = 4pumolm™2s7!.—>

Changing light from R to B rapidly reduced
transcript levels of phenylalanine ammonia-
lyase (PAL) and chalcone synthase (CHS)
genes.

environmental conditions, 2) reduced distance between production
areas and consumption sites, which results in less fuel consumption, less
food cooling, losses and transportation time, and therefore potentially
lower prices for the consumers, and 3) establishment near (and even
inside) the cities in almost any empty space offering job opportunities
to a wide range of people, and making it easier to process waste (water,
products, heat, CO,) produced and reuse them (Kozai et al., 2015).
Not all plants can fit in these multilayer systems due to high stature.
Plants grown with vertical farming systems should have certain char-
acteristics including compactness (about 30 cm or less), fast growth
(10-30 days of cultivation in the system) and production of high-value
crops that can be manipulated with environmental control (Kozai et al.,
2015). Therefore, lettuce is the main plant species cultivated with
vertical farming systems. In a recent publication with lettuce (Liu et al.,
2017), W lacking G light (compared to W light) led to reduced shoot
and root dry weight, less chlorophyll a, b, and carotenoid contents, as
well as reduced net photosynthetic rate and dark respiration. Kang et al.
(2016) reported lower photosynthetic rate of lettuce with addition of
10% G or the absence of B light, compared to 80% R/20% B treatment,
while greater B portion caused a reduction of leaf size and plant growth.
Higher R portion positively affected growth and photosynthetic rates
but decreased chlorophyll and antioxidant phenolic content of red-leaf
lettuce, while changing light from R to B rapidly reduced transcript
levels of phenylalanine ammonia-lyase (PAL) and chalcone synthase
(CHS) genes (Son et al., 2017). In a lettuce cultivation experiment with
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alternating R and B light, Chen et al. (2017) found that alterations every
8h resulted in greater plant height/width and leaf length/width, and
higher nitrate but lower ascorbic acid content along with alterations
every 1 h. Moreover, alterations every 2 or 4 h led to increased ascorbic
acid content and decreased nitrate content, while no alterations re-
sulted in compact plants with increased biomass and crude fiber con-
tent, but decreased soluble sugar content (16 h photoperiod) or sparse
plants (8 h photoperiod). UV light seems to enhance the accumulation
of phytochemicals in plants. In red leaf lettuce, small amount of sup-
plemental UV-A light led to increased anthocyanin and total phenolic
production, antioxidant capacity, PAL gene expression and activity, and
fresh and dry weights of shoots (Lee et al., 2014). Supplemental UV-B
caused greater total phenolic concentration, antioxidant capacity and
PAL activity. UV-B and UV-C quickly stressed the plants (decreased F,/
Fn) and negatively affected shoot fresh and dry weights (Lee et al.,
2014).

An overall overview of the effects of different light spectra on plant
photomorphogenesis, photosynthesis, and secondary metabolism in
vertical farming practices is presented in Table 3.

2.4. Application of LED lighting for maintaining postharvest quality of fruits
and vegetables

The storage potential for the majority of horticultural products is
limited from some days to a few weeks. Main causes for postharvest loss
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are weight loss, senescence, firmness loss, over ripening, softening,
decay and specific physiological disorders. The use of LED lighting
during storage could very well be an alternative solution for reducing
postharvest losses and maintaining product quality due to their ad-
vantages of long life, convenience (small and compact) as well as their
low heat emission that allow their use in cold storage rooms and re-
frigerator trucks with low requirements of refrigeration load. Moreover,
LEDs used in cold storage are effective as bactericides (Hasan et al.,
2017). These advantages allow the application of LED light in all steps
of the supply chain from precooling and packaging, to refrigerated
transport and market display. At the retail market the use of LED could
have the disadvantage of misleading the consumer by altering their
appearance, e.g. green tissue under R light (Ma et al., 2014b).

Tomato is a vegetable that is usually harvested at an immature stage
and the ripening process takes place during storage and distribution of
the product. Storage of mature green tomato fruit for 7 days in darkness
or under R and B LED light, 85.72 and 102.70 p Einstein m~2?s~ ! re-
spectively, had an effect on the fruit ripening (Chomchalow et al.,
2002). Tomato fruits exposed to R and a combination of R and UV ra-
diation required five days less than non-treated fruits to reach the same
maturity level, while R 4+ UV also raised lycopene, 3-carotene, total
flavonoids and phenolics concentrations (Panjai et al., 2017). An effect
on fruit ripening was observed when fruit from the same LED light
treatments were stored in darkness (Dhakal and Baek, 2014). In parti-
cular, storage in darkness had the best result for lycopene accumulation
and development of red color while application of B light for a 7 days
period led to a delay in lycopene accumulation, redness and conse-
quently ripening, indicating that this inhibition of the ripening process
is a potential way to extend long-term postharvest storage (Dhakal and
Baek, 2014). In a similar fashion, green mature tomato fruit stored in
263 umol m ™25~ ! of white light for 13 days contained 32% more as-
corbate compared to fruit kept to lower irradiances and darkness
(Ntagkas et al., 2016). The positive effect of postharvest lighting on
vitamin C is evident also in fresh cut lettuce. Witkowska (2013) in-
creased by means of postharvest lighting the levels of vitamin C as well
soluble carbohydrates (via enhancement of gluconeogenesis) in fresh
cut lettuce. That has been hypothesized to be the reason for the ob-
served improved visual appearance and eventually prolonged shelf life.
The upregulation of vitamin C caused by light is evident for both leaves
and fruit as it is mediated through both respiration and photosynthesis
(Ntagkas et al., 2017). Senescence and especially yellowing is a major
postharvest problem for green tissues. Application of R LED light delays
yellowing and decreases ethylene production of broccoli inflorescences
while B LED light had no effect (Ma et al., 2014b). The use of LED G
light (12-13pumols™'m™?) effectively extend shelf-life of broccoli
florets about three times than florets stored in dark (Jin et al., 2014).
Broccoli florets storage under G LED light resulted higher phenolics and
antioxidant activity but without affecting sulforaphane and total glu-
cosinolates content, main phytochemicals compounds of Brassica ve-
getables (Jin et al., 2014). Moreover, R LED light had positive effect on
ascorbic acid content during the first two days storage with regulation
at the transcriptional level (Ma et al., 2014b). Also, the use of artificial
lighting of white and B light LED of 20 umol m ~2s~! during storage of
Brussels sprouts controlled yellowing and maintained the green color
both of the outer and inner leaves (Hasperué et al., 2016). The outer
leaves of the sprouts exposed to the above LED lighting had higher
flavonoids content and higher antioxidant activity than those sprouts
stored in the dark. Spectra beyond visible radiation were also found to
affect the content of pigments in plants. Tomato fruit treated during
postharvest storage with UV-C light was found to have higher levels of
lycopene (Liu et al., 2009).

Postharvest application of R LED light at an intensity of
50 umolm™2s~! for six days had beneficial effect on Satsuma man-
darin nutritional value by enhancing the carotenoids content (Ma et al.,
2012). In the same study the use of B LED light did not alter the car-
otenoid content. On a later study the R LED light was combined with
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the use of ethylene on citrus, since the exogenous application of ethy-
lene is common practice to accelerate chlorophyll degradation of citrus
fruit (Ma et al., 2014a). The results show that the combination of the
two treatments significantly achieves higher concentration of B-cryp-
toxanthin and lutein in the flavedo of citrus fruit. The above positive
result correlated with the simultaneous increase of a-carotene and [3-
carotene biosynthesis pathway genes (Ma et al., 2014a). The applica-
tion of B LED light on chlorophyll and carotenoid metabolism of
ethephon-degreened mandarin fruit were evaluated by Yuan et al.
(2017). Positive results with faster chlorophyll degradation and the
accumulation of carotenoids in ethephon-degreened fruit was observed
with B LED lighting.

Application of LED lighting of different wavelengths (385nm,
470 nm, 525 nm, and 630 nm) on immature strawberries resulted better
soluble solids content as well as higher amounts of vitamin C, antho-
cyanin and total phenolics after 4 days storage (Kim et al., 2011). Si-
milarly, LED lighting has been proposed to be a technique to improve
marketability and nutritional value of Chinese bayberry fruit. The ap-
plication of B LED light resulted in the significant increase of antho-
cyanin accumulation and this result was correlated with the increased
of related genes of anthocyanin biosynthetic pathway (Shi et al., 2014).
Finally, compounds affecting sensory fruit and flower qualities can be
manipulated by light, as reported by Colquhoun et al. (2013) who
found increased 2-phenylethanol (an essential floral volatile) under R
and FR LEDs, in petunia.

Postharvest light has an effect on the shelf life and quality of hor-
ticultural products by potentially (1) increasing soluble carbohydrates
which is the substrate for respiration during postharvest storage, (2)
increasing or maintaining the levels of phytochemicals (vitamin C,
anthocyanins, total phenolics, soluble sugars, secondary antioxidants)
as well as (3) improving or maintaining the visual appearance by the
accumulation of pigments (lycopene, carotenoids, anthocyanins). As
LEDs are being develop vigorously for application in horticulture, they
will potentially play a significant role also in postharvest applications
(D’Souza et al., 2015).

3. Conclusions and future perspectives

Large-scale seedling and plant production with CEA (growth
chambers, greenhouses, vertical farming) could be favored with the use
of LEDs that significantly reduce electricity consumption while produ-
cing high-quality plant material. This is quite important when the on-
going climate change scenarios and the related environmental con-
straints, could potentially lead in the reduction of the cultivated lands
availability. In our review we provided a comprehensive treatise on the
recent achievements made in the use of LEDs for the horticulture field.
It is now obvious that there is tremendous information when it comes to
light recipes and combinations both for researchers as well as growers.
Most light combinations, (monochromatic, bichromatic, polychromatic,
ranging from UV to FR) have been extensively studied, with different
proportions and in numerous species. We reaffirm that: a) R/B and R/
FR ratios strongly regulate and are determinant for growing plants of
high quality, b) B light has been proven essential in enhancing the
production and accumulation of phytochemical compounds such as
phenolics, carotenoids and volatiles, and subsequently increasing plant
antioxidant activity, and c) ultraviolet radiation is not currently used in
horticulture but its effects on plant development and secondary meta-
bolism could be implemented (especially UV-A in small amounts) for
the production of high quality compact plants. Even though most stu-
dies in the past years were focused on R and B light combinations due to
the chlorophyll absorption peaks (and the pervasive theory that energy
outside those bands would be simply wasted on the plants), this ste-
reotype is now dispelled and researchers are now more and more
conducting experiments with W, G, FR light, as they have also been
shown to affect physiological and metabolic processes. Regarding the
applicability, besides the common top-light applications we now see
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more research being focused on intracanopy lighting (even from un-
derneath lighting) as well as on multilayer cultivation in vertical farms
and plant factories. Technological advancements will allow for these
combinations to take place to a higher extend.

More research would add valuable knowledge in order to validate
the appropriate and ideal wavelength combinations for important plant
species and phytochemicals, as well as to deeply understand the impact
of less studied wavelengths (UV, Y, G) on plants. More focus though is
and should be given to the nutrition and health of the plants as plant
metabolism is strongly affected by LED lighting both in a pre-harvest
and postharvest manner. Additionally, we should not neglect orna-
mentals that can be benefited from LED lighting with respect to faster
flowering and better coloring. Furthermore, a greater understanding of
spectral combinations and other cultivation conditions (e.g. photo-
period, temperature, nutrition) would be of utmost importance for
horticultural products of higher quality. As a note, due to high lamp and
electricity costs, research and applications have been limited to rela-
tively low intensities, while plants can take up higher intensities.

Different anatomical, morphological, physiological, photosynthetic,
developmental, and metabolic parameters have been shown to be
regulated by LED lighting in horticultural species. Therefore breeding
companies have a lot of information to focus on the traits and attributes
that are the most important for each plant species and produce LED
light use efficient genotypes. It is critical for researchers to absorb this
information to the highest degree but also to understand that different
environmental conditions and practices might affect the results.
Therefore, this will define the appropriateness when breeding compa-
nies introduce their light use efficient genotypes in commercial prac-
tice.

Another inference drawn from the literature review is that a great
number of commercially and nutritionally important plant species have
not been tested thoroughly, or even studied at all yet at agronomic and/
or postharvest level. Even though lettuce has been extensively under
research, other leafy vegetables such as spinach, rucola and Brussels
sprouts appear in a few or no publications. Similarly, aromatic herbs
such as rosemary, sage, mint, parsley and dill have not been meticu-
lously studied yet. Many important commercially produced seedlings
and even fruits such as melon, watermelon, zucchini and eggplant could
be favored under particular wavelengths and cultivation practices.
Although medicinal cannabis is also understudied in greenhouses,
however, it is a promising alternative as cultivation conditions can
strongly benefit from LED lighting with respect to cannabidiol and
tetrahydrocannabinol (substances important for treating human dis-
eases). Another interesting suggestion for future research could be the
investigation of the phytochemical content of several edible horti-
cultural species, which are known for their high antioxidant value and
are used for pharmaceutical purposes.

In the near future, all these approaches with LED lighting will lead
to a greater understanding regarding the spectral quality effects on
plant growth and morphology, further pinpointing the importance of
LED lighting in CEA. Therefore it should be noted that a big dataset is
currently created and will enhance in the near future. Consequently, it
is now a necessity to introduce an information and communication
technology system, since nowadays the cost of data/information pro-
cessing storage and transfer is very low (Kozai et al., 2016). The com-
bination of information and communication technology, the big data
mining and deep learning, the bioinformatics and the internet of things
will be integrated in a big plant production system that will shape CEA
(Kozai et al., 2016).

Acknowledgement

The financial support by the European Commission (REGENFOREST
FP7- 286067, and ZEPHYR FP7-308313) is greatly appreciated.

448

Scientia Horticulturae 235 (2018) 437-451

References

Ahmad, M., 2002. Action spectrum for cryptochrome-dependent hypocotyl growth in-
hibition in Arabidopsis. Plant Physiol. 129, 774-785. http://dx.doi.org/10.1104/pp.
010969.

Ahmad, M., Cashmore, A.R., 1993. HY4 gene of A. thaliana encodes a protein with
characteristics of a blue-light photoreceptor. Nature 366, 162-166.

Alsanius, B.W., Bergstrand, K.J., Hartmann, R., Gharaie, S., Wohanka, W., Dorais, M.,
Rosberg, A.K., 2017. Ornamental flowers in new light: artificial lighting shapes the
microbial phyllosphere community structure of greenhouse grown sunflowers
(Helianthus annuus L.). Sci. Hortic. (Amsterdam) 216, 234-247. http://dx.doi.org/10.
1016/j.scienta.2017.01.022.

Alvarez-Buylla, E.R., Benitez, M., Corvera-Poiré, A., Chaos Cador, A., de Folter, S.,
Gamboa de Buen, A., Garay-Arroyo, A., Garcia-Ponce, B., Jaimes-Miranda, F., Pérez-
Ruiz, R.V., Pifleyro-Nelson, A., Sdnchez-Corrales, Y.E., 2010. Flower development.
Arab. Book 8, e0127. http://dx.doi.org/10.1199/tab.0127.

Ballare, C.L., Mazza, C.A., Austin, A.T., Pierik, R., 2012. Canopy light and plant health.
Plant Physiol. 160, 145-155. http://dx.doi.org/10.1104/pp.112.200733.

Bantis, F., Ouzounis, T., Radoglou, K., 2016. Artificial LED lighting enhances growth
characteristics and total phenolic content of Ocimum basilicum, but variably affects
transplant success. Sci. Hortic. (Amsterdam) 198, 277-283. http://dx.doi.org/10.
1016/j.scienta.2015.11.014.

Baraloto, C., Forget, P.M., Goldberg, D.E., 2005. Seed mass, seedling size and neotropical
tree seedling establishment. J. Ecol. 93, 1156-1166. http://dx.doi.org/10.1111/j.
1365-2745.2005.01041.x.

Barrero, J.M., Downie, A.B., Xu, Q., Gubler, F., 2014. A role for barley CRYPTOCHROME1
in light regulation of grain dormancy and germination. Plant Cell 26, 1094-1104.
http://dx.doi.org/10.1105/tpc.113.121830.

Bentsink, L., Koornneef, M., 2008. Seed dormancy and germination. Arab. Book 6, e0119.
http://dx.doi.org/10.1199/tab.0119.

Both, A.J., Albright, L.D., Chou, C.A., Langhans, R.W., 1997. A microwave powered light
source for plant irradiation. Acta Hortic. 418, 189-194.

Bouly, J.P., Schleicher, E., Dionisio-Sese, M., Vandenbussche, F., Van Der Straeten, D.,
Bakrim, N., Meier, S., Batschauer, A., Galland, P., Bittl, R., Ahmad, M., 2007.
Cryptochrome blue light photoreceptors are activated through interconversion of
flavin redox states. J. Biol. Chem. 282, 9383-9391. http://dx.doi.org/10.1074/jbc.
M609842200.

Bourget, C.M., 2008. An introduction to light-emitting diodes. HortScience 43,
1944-1946.

Brazaityte, A., Ulinskaite, R., Duchovskis, P., Samuoliene, G., Siksnianiene, J.B.,
Jankauskiene, J., §abajeviene, G., Baranauskis, K., Staniene, G., Tamulaitis, G.,
Bliznikas, Z., Zukauskas, A., 2006. Optimization of lighting spectrum for photo-
synthetic system and productivity of lettuce by using light-emitting diodes. Acta
Hortic. 711, 183-188.

Bula, R.J., Morrow, R.C., Tibbitts, T.W., Barta, D.J., Ignatius, R.W., Martin, T.S., 1991.
Light-emitting diodes as a radiation source for plants. HortScience 26, 203-205.
Burgie, E.S., Bussell, A.N., Walker, J.M., Dubiel, K., Vierstra, R.D., 2014. Crystal structure
of the photosensing module from a red/far-red light-absorbing plant phytochrome.

Proc. Natl. Acad. Sci. 111, 10179-10184. http://dx.doi.org/10.1073/pnas.
1403096111.

Carvalho, S.D., Folta, K.M., 2014. Sequential light programs shape kale (Brassica napus)
sprout appearance and alter metabolic and nutrient content. Hortic. Res. 1, 8. http://
dx.doi.org/10.1038/hortres.2014.8.

Casal, J.J., 2013. Photoreceptor signaling networks in plant responses to shade. Annu.
Rev. Plant Biol. 64, 403-427. http://dx.doi.org/10.1146/annurev-arplant-050312-
120221.

Castro, J., 1999. Seed mass versus seedling performance in Scots pine: a maternally de-
pendent trait. New Phytol. 144, 153-161. http://dx.doi.org/10.1046/j.1469-8137.
1999.00495.x.

Cathey, H.M., Campbell, L.E., 1980. Light and lighting systems for horticultural plants.
Hortic. Rev. (Am. Soc. Hortic. Sci.) 2, 491-537.

Chen, M., Chory, J., 2011. Phytochrome signaling mechanisms and the control of plant
development. Trends Cell Biol. 21, 664-671. http://dx.doi.org/10.1016/j.tcb.2011.
07.002.

Chen, Xiao-li, Yang, Qi-chang, Song, Wen-pin, Wang, Li-chun, Guo, Wen-zhong, Xue, Xu-
zhang, 2017. Growth and nutritional properties of lettuce affected by different al-
ternating intervals of red and blue LED irradiation. Sci. Hortic. (Amsterdam) 223,
44-52. http://dx.doi.org/10.1016/j.scienta.2017.04.037.

Chen, X., Xue, X., Guo, W., Wang, L., Qiao, X., 2016. Growth and nutritional properties of
lettuce affected by mixed irradiation of white and supplemental light provided by
light-emitting diode. Sci. Hortic. (Amsterdam) 200, 111-118. http://dx.doi.org/10.
1016/j.scienta.2016.01.007.

Chomchalow, S., El Assi, N.M., Sargent, S.A., Brecht, J.K., 2002. Fruit maturity and timing
of ethylene treatment affect storage performance at green tomatoes at chilling and
nonchilling temperatures. Water 12, 104-114.

Chory, J., 2010. Light signal transduction: an infinite spectrum of possibilities. Plant J.
61, 982-991. http://dx.doi.org/10.1111/j.1365-313X.2009.04105.x.

Christie, J.M., 2007. Phototropin blue-light receptors. Annu. Rev. Plant Biol. 58, 21-45.
http://dx.doi.org/10.1146/annurev.arplant.58.032806.103951.

Chung, J.P., Huang, C.Y., Dai, T.E., 2010. Spectral effects on embryogenesis and plantlet
growth of Oncidium “Gower Ramsey”. Sci. Hortic. (Amsterdam) 124, 511-516.
http://dx.doi.org/10.1016/j.scienta.2010.01.028.

Cocetta, G., Casciani, D., Bulgari, R., Musante, F., Kotton, A., Rossi, M., Ferrante, A., 2017.
Light use efficiency for vegetables production in protected and indoor environments.
Eur. Phys. J. Plus 132. http://dx.doi.org/10.1140/epjp/i2017-11298-x.



F. Bantis et al.

Colquhoun, T.A., Schwieterman, M.L., Gilbert, J.L., Jaworski, E.A., Langer, K.M., Jones,
C.R., Rushing, G.V., Hunter, T.M., Olmstead, J., Clark, D.G., Folta, K.M., 2013. Light
modulation of volatile organic compounds from petunia flowers and select fruits.
Postharvest Biol. Technol. 86, 37-44. http://dx.doi.org/10.1016/j.postharvbio.2013.
06.013.

Cookson, S.J., Granier, C., 2006. A dynamic analysis of the shade-induced plasticity in
Arabidopsis thaliana rosette leaf development reveals new components of the shade-
adaptative response. Ann. Bot. 97, 443-452. http://dx.doi.org/10.1093/aob/mcj047.

Costigan, S.E., Warnasooriya, S.N., Humphries, Ba., Montgomery, B.L., 2011. Root-loca-
lized phytochrome chromophore synthesis is required for photoregulation of root
elongation and impacts root sensitivity to jasmonic acid in Arabidopsis. Plant Physiol.
157, 1138-1150. http://dx.doi.org/10.1104/pp.111.184689.

Craver, J.K., Gerovac, J.R., Lopez, R.G., Kopsell, D.A., 2017. Light intensity and light
quality from sole-source light-emitting diodes impact phytochemical concentrations
within Brassica Microgreens. J. Am. Soc. Hortic. Sci. 142, 3-12. http://dx.doi.org/10.
21273/JASHS03830-16.

Currey, C.J., Lopez, R.G., 2013. Cuttings of Impatiens, Pelargonium, and Petunia pro-
pagated under light-emitting diodes and high-pressure sodium lamps have compar-
able growth, morphology, gas exchange, and post-transplant performance.
HortScience 48, 428-434.

D’Souza, C., Yuk, H.G., Khoo, G.H., Zhou, W., 2015. Application of light-emitting diodes
in food production, postharvest preservation, and microbiological food safety.
Compr. Rev. Food Sci. Food Saf. 14, 719-740. http://dx.doi.org/10.1111/1541-
4337.12155.

Davies, K., 2004. Plant pigments and their manipulation. Ann. Plant Rev. 14 Blackwell
Publishing, Oxford, UK.

Davis, P.A., Burns, C., 2016. Photobiology in protected horticulture. Food Energy Secur.
5, 223-238. http://dx.doi.org/10.1002/fes3.97.

de Carbonnel, M., Davis, P., Roelfsema, M.R.G., Inoue, S.-i., Schepens, 1., Lariguet, P.,
Geisler, M., Shimazaki, K.-i., Hangarter, R., Fankhauser, C., 2010. The Arabidopsis
PHYTOCHROME KINASE SUBSTRATE2 protein is a phototropin signaling element
that regulates leaf flattening and leaf positioning. Plant Physiol. 152, 1391-1405.
http://dx.doi.org/10.1104/pp.109.150441.

de Veylder, L., Larkin, J.C., Schnittger, A., 2011. Molecular control and function of en-
doreplication in development and physiology. Trends Plant Sci. 16, 624-634. http://
dx.doi.org/10.1016/j.tplants.2011.07.001.

Demmig-Adams, B., Adams, W.W., 1992. Responses of plants to high light stress. Annu.
Rev. Plant Physiol. Plant Mol. Biol. 43, 599-626. http://dx.doi.org/10.1146/
annurev.pp.43.060192.003123.

Demotes-Mainard, S., Péron, T., Corot, A., Bertheloot, J., Le Gourrierec, J., Pelleschi-
Travier, S., Crespel, L., Morel, P., Huché-Thélier, L., Boumaza, R., Vian, A., Guérin,
V., Leduc, N., Sakr, S., 2016. Plant responses to red and far-red lights, applications in
horticulture. Environ. Exp. Bot. 121, 4-21. http://dx.doi.org/10.1016/j.envexpbot.
2015.05.010.

Devlin, P.F., Kay, S.A., 2000. Cryptochromes are required for phytochrome signaling to
the circadian clock but not for rhythmicity. Plant Cell 12, 2499-2510. http://dx.doi.
org/10.1105/tpc.12.12.2499.

Dhakal, R., Baek, K.H., 2014. Short period irradiation of single blue wavelength light
extends the storage period of mature green tomatoes. Postharvest Biol. Technol. 90,
73-77. http://dx.doi.org/10.1016/j.postharvbio.2013.12.007.

Dueck, T.A., Janse, J., Eveleens, B.A., Kempkes, F.L.K., Marcelis, L.F.M., 2012. Growth of
tomatoes under hybrid LED and HPS lighting. Acta Hortic. 952, 335-342. http://dx.
doi.org/10.17660/ActaHortic.2012.952.42.

Duong, T.N., Nguyen, B.N., 2010. Light-emitting diodes (LEDs): an artificial lighting
source for biological studies. In: Proceedings of the 3rd International Conference on
the Development of BME. Vietnam. pp. 133-138.

Dutta Gupta, S., Jatothu, B., 2013. Fundamentals and applications of light-emitting
diodes (LEDs) in in vitro plant growth and morphogenesis. Plant Biotechnol. Rep. 7,
211-220. http://dx.doi.org/10.1007/s11816-013-0277-0.

Economou, A.S., Read, P.E., 1987. Light treatments to improve efficiency of in vitro
propagation systems. Hortic. Sci. 22, 751-754.

Eguchi, T., Hernandez, R., Kubota, C., 2016. Far-red and blue light synergistically miti-
gate intumescence injury of tomato plants grown under ultraviolet-deficit light en-
vironment. HortScience 51, 712-719.

Fan, X., Zang, J., Xu, Z., Guo, S., Jiao, X., Liu, X., Gao, Y., 2013. Effects of different light
quality on growth, chlorophyll concentration and chlorophyll biosynthesis precursors
of non-heading Chinese cabbage (Brassica campestris L.). Acta Physiol. Plant 35,
2721-2726. http://dx.doi.org/10.1007/s11738-013-1304-z.

Food, F. A. O., (2015). Agriculture Organization of the United Nations, Statistics Division.
Agri-Environmental Indicators/Pesticides.

Folta, K.M., Koss, L.L., McMorrow, R., Kim, H.-H., Kenitz, J.D., Wheeler, R., Sager, J.C.,
2005. Design and fabrication of adjustable red-green-blue LED light arrays for plant
research. BMC Plant Biol. 5, 17. http://dx.doi.org/10.1186/1471-2229-5-17.

Folta, K.M., Spalding, E.P., 2001. Unexpected roles for cryptochrome 2 and phototropin
revealed by high-resolution analysis of blue light-mediated hypocotyl growth in-
hibition. Plant J. 26, 471-478. http://dx.doi.org/10.1046/j.1365-313X.2001.
01038.x.

Franklin, K.A., 2008. Shade avoidance. New Phytol. 179, 930-944. http://dx.doi.org/10.
1111/j.1469-8137.2008.02507.x.

Franklin, K.A., Quail, P.H., 2010. Phytochrome functions in Arabidopsis development. J.
Exp. Bot. 61, 11-24. http://dx.doi.org/10.1093/jxb/erp304.

Frantz, J.M., Joly, R.J., Mitchell, C.A., 2000. Intracanopy lighting influences radiation
capture, productivity, and leaf senescence in cowpea canopies. J. Am. Soc. Hortic.
Sci. 125, 694-701.

Fujiwara, K., Toshinari, S., 2006. Design and development of an LED-artificial sunlight
source system prototype capable of controlling relative spectral power distribution. J

449

Scientia Horticulturae 235 (2018) 437-451

Light Vis. Environ. http://dx.doi.org/10.2150/jlve.30.170.

Gilbert, LR., Shavers, G.P., Jarvis, P.G., Smith, H., 1995. Photomorphogenesis and canopy
dynamics. Phytochrome-mediated proximity perception accounts for the growth
dynamics of canopies of Populus trichocarpa X deltoides “Beaupré.”. Plant Cell
Environ. 18, 475-497. http://dx.doi.org/10.1111/j.1365-3040.1995.tb00549.x.

Gémez, C., Morrow, R.C., Bourget, C.M., Massa, G.D., Mitchell, C.A., 2013. Comparison of
intracanopy light-emitting diode towers and overhead high-pressure sodium lamps
for supplemental lighting of greenhouse-grown tomatoes. Horttechnology 23, 93-98.
http://dx.doi.org/10.1017/CBO9781107415324.004.

Guo, X., Hao, X., Zheng, J., Little, C., Kholsa, S., 2016. Response of greenhouse mini-
cucumber to different vertical spectra of LED lighting under overhead high pressure
sodium and plasma lighting. Acta Hortic. 1170, 1003-1010. http://dx.doi.org/10.
17660/ActaHortic.2017.1170.129.

Gupta, D., 2017. Light Emitting Diodes for Health. http://dx.doi.org/10.1007/978-981-
10-5807-3.

Hao, X., Little, C., Zheng, J.M., Cao, R., 2016. Far-red LEDs improve fruit production in
greenhouse tomato grown under high-pressure sodium lighting. Acta Hortic. 1134,
95-102. http://dx.doi.org/10.17660/ActaHortic.2016.1134.13.

Harun, A.N., Ani, N.N., Ahmad, R., Azmi, N.S., 2013. Red and blue LED with pulse
lighting control treatment for brassica chinensis in indoor farming. 2013 IEEE Conf.
Open Syst. ICOS 2013 231-236. http://dx.doi.org/10.1109/1COS.2013.6735080.

Hasan, M.M., Bashir, T., Ghosh, R., Lee, S.K., Bae, H., 2017. An overview of LEDs’ effects
on the production of bioactive compounds and crop quality. Molecules 22, 1-12.
http://dx.doi.org/10.3390/molecules22091420.

Hasperué, J.H., Rodoni, L.M., Guardianelli, L.M., Chaves, A.R., Martinez, G.A., 2016. Use
of LED light for Brussels sprouts postharvest conservation. Sci. Hortic. (Amsterdam)
213, 281-286. http://dx.doi.org/10.1016/j.scienta.2016.11.004.

Heo, J.W., Lee, C.W., Paek, K.Y., 2006. Influence of mixed LED radiation on the growth of
annual plants. J. Plant Biol. 49, 286-290. http://dx.doi.org/10.1007/BF03031157.

Hernandez, R., Kubota, C., 2016. Physiological responses of cucumber seedlings under
different blue and red photon flux ratios using LEDs. Environ. Exp. Bot. 121, 66-74.
http://dx.doi.org/10.1016/j.envexpbot.2015.04.001.

Hernéndez, R., Kubota, C., 2012. Tomato seedling growth and morphological responses to
supplemental LED lighting red:Blue ratios under varied daily solar light integrals.
Acta Hortic. 956, 187-194. http://dx.doi.org/10.17660/ActaHortic.2012.956.19.

Hidaka, K., Dan, K., Imamura, H., Miyoshi, Y., Takayama, T., 2013. Effect of
Supplemental Lighting from Different Light Sources on Growth 51. pp. 41-47.

Huang, M.Y., Lin, K.H., Lu, C.C., Chen, L.R., Hsiung, T.C., Chang, W.T., 2017. The in-
tensity of blue light-emitting diodes influences the antioxidant properties and sugar
content of oyster mushrooms (Lentinus sajor-caju). Sci. Hortic. (Amsterdam). 218,
8-13. http://dx.doi.org/10.1016/j.scienta.2017.02.014.

Huché-Thélier, L., Crespel, L., Gourrierec, J., Le, Morel, P., Sakr, S., Leduc, N., 2016. Light
signaling and plant responses to blue and UV radiations-perspectives for applications
in horticulture. Environ. Exp. Bot. 121, 22-38. http://dx.doi.org/10.1016/j.
envexpbot.2015.06.009.

Jenkins, G.I., 2014. Structure and function of the UV-B photoreceptor UVR8. Curr. Opin.
Struct. Biol. 29, 52-57. http://dx.doi.org/10.1016/j.sbi.2014.09.004.

Jenkins, G.I., 2009. Signal transduction in responses to UV-B radiation. Annu. Rev. Plant
Biol. 60, 407-431. http://dx.doi.org/10.1146/annurev.arplant.59.032607.092953.

Jensen, N.B., Clausen, M.R., Kjaer, K.H., 2018. Spectral quality of supplemental LED grow
light permanently alters stomatal functioning and chilling tolerance in basil (Ocimum
basilicum L.). Sci. Hortic. (Amsterdam) 227, 38-47. http://dx.doi.org/10.1016/j.
scienta.2017.09.011.

Jiao, Y., Lau, O.S., Deng, X.W., 2007. Light-regulated transcriptional networks in higher
plants. Nat. Rev. Genet. 8, 217-230. http://dx.doi.org/10.1038/nrg2049.

Jin, P., Yao, D., Xu, F., Wang, H., Zheng, Y., 2014. Effect of light on quality and bioactive
compounds in postharvest broccoli florets. Food Chem. 172, 705-709. http://dx.doi.
org/10.1016/j.foodchem.2014.09.134.

Kami, C., Lorrain, S., Hornitschek, P., Fankhauser, C., 2010. Light-regulated plant growth
and development. Curr. Top. Dev. Biol. 91, 29-66. http://dx.doi.org/10.1016/
S0070-2153(10)91002-8.

Kang, W.H., Park, J.S., Park, K.S., Son, J.E., 2016. Leaf photosynthetic rate, growth, and
morphology of lettuce under different fractions of red, blue, and green light from
light-emitting diodes (LEDs). Hortic. Environ. Biotechnol. 57, 573-579. http://dx.
doi.org/10.1007/s13580-016-0093-x.

Kim, B.S., Lee, H.O., Kim, J.Y., Kwon, K.H., Cha, H.S., Kim, J.H., 2011. An effect of light
emitting diode (LED) irradiation treatment on the amplification of functional com-
ponents of immature strawberry. Hortic. Environ. Biotechnol. 52, 35-39. http://dx.
doi.org/10.1007/s13580-011-0189-2.

Kim, H.H., Goins, G.D., Wheeler, R.M., Sager, J.C., 2004a. Green-light supplementation
for enhanced lettuce growth under red-and blue-light-emitting diodes. HortScience
39, 1617-1622.

Kim, S.J., Hahn, E.J., Heo, J.W., Paek, K.Y., 2004b. Effects of LEDs on net photosynthetic
rate, growth and leaf stomata of chrysanthemum plantlets in vitro. Sci. Hortic.
(Amsterdam) 101, 143-151. http://dx.doi.org/10.1016/j.scienta.2003.10.003.

Koornneef, M., Alonso-Blanco, C., Peeters, A.J.M., Soppe, W., 1998. Genetic control of
flowering time in Arabidopsis. Annu. Rev. Plant Physiol. Plant Mol. Biol. 49,
345-370. http://dx.doi.org/10.1146/annurev.arplant.49.1.345.

Kopsell, D.A., Sams, C.E., 2013. Increases in shoot tissue pigments, glucosinolates, and
mineral elements in sprouting broccoli after exposure to short-duration blue light
from light emitting diodes. J. Am. Soc. Hortic. Sci. 138, 31-37.

Kozai, T., Genhua, N., Takagaki, M., 2015. Plant Factory An Indoor Vertical Farming Food
Production.

Kozai, T., Kazuhiro, F., Runkle, E.S., 2016. LED Lighting for Urban Agriculture. http://dx.
doi.org/10.1007/978-981-10-1848-0.

Krizek, D.T., Mirecki, R.M., Britz, S.J., Harris, W.G., Thimijan, R.W., 1998. Spectral



F. Bantis et al.

properties of microwave-powered sulfur lamps in comparison to sunlight and high-
pressure sodium/metal halide lamps. Biotronics 27, 69-80.

Kumar, B., Angulo, Y., Smita, K., Cumbal, L., Debut, A., 2016. Capuli cherry-mediated
green synthesis of silver nanoparticles under white solar and blue LED light.
Particuology 24, 123-128. http://dx.doi.org/10.1016/j.partic.2015.05.005.

Lanoue, J., Leonardos, E.D., Ma, X., Grodzinski, B., 2017. The effect of spectral quality on
daily patterns of gas exchange, biomass gain, and water-use-efficiency in tomatoes
and Lisianthus: an assessment of whole plant measurements. Front. Plant Sci. 8, 1-15.
http://dx.doi.org/10.3389/fpls.2017.01076.

Lattanzio, V., Lattanzio, V.M.T., Cardinali, A., Amendola, V., 2006. Role of phenolics in
the resistance mechanisms of plants against fungal pathogens and insects. In:
Imperato, F. (Ed.), Phytochemistry: Advances in Research, Research Signpost,
Trivandrum, India.

Lee, M.J,, Son, J.E., Oh, M.M., 2014. Growth and phenolic compounds of Lactuca sativa L.
grown in a closed-type plant production system with UV-A, -B, or -C lamp. J. Sci.
Food Agric. 94, 197-204. http://dx.doi.org/10.1002/jsfa.6227.

Lee, S.H., Tewari, R.K., Hahn, E.J., Paek, K.Y., 2007. Photon flux density and light quality
induce changes in growth, stomatal development, photosynthesis and transpiration of
Withania Somnifera (L.) Dunal. plantlets. Plant Cell. Tissue Organ Cult. 90, 141-151.
http://dx.doi.org/10.1007/5s11240-006-9191-2.

Lee, Y.I., Fang, W., Chen, C.C., 2011. Effect of six different LED light qualities on the
seedling growth of Paphiopedilum orchid in vitro. Acta Hortic. 907, 389-392.

Li, Q., Kubota, C., 2009. Effects of supplemental light quality on growth and phyto-
chemicals of baby leaf lettuce. Environ. Exp. Bot. 67, 59-64. http://dx.doi.org/10.
1016/j.envexpbot.2009.06.011.

Li, Y., Xin, G., Wei, M., Shi, Q., Yang, F., Wang, X., 2017. Carbohydrate accumulation and
sucrose metabolism responses in tomato seedling leaves when subjected to different
light qualities. Sci. Hortic. (Amsterdam) 225, 490-497. http://dx.doi.org/10.1016/j.
scienta.2017.07.053.

Liao, Y., Suzuki, K., Yu, W., Zhuang, D., Takai, Y., Ogasawara, R., Shimazu, T., Fukui, H.,
2014. Night-break effect of LED light with different wavelengths on shoot elongation
of Chrysanthemum morifolium Ramat’ Jimba’ and ‘Iwa no hakusen’. Environ. Control
Biol. 52, 51-55. http://dx.doi.org/10.2525/ecb.52.51.

Lin, C., 2000. Update on development photoreceptors and regulation of flowering time 1.
Plant Physiol. 123, 39-50. http://dx.doi.org/10.1104/pp.123.1.39.

Lin, K.-H., Huang, M.-Y., Huang, W.-D., Hsu, M.-H., Yang, Z.-W., Yang, C.-M., 2013. The
effects of red, blue, and white light-emitting diodes on the growth, development, and
edible quality of hydroponically grown lettuce (Lactuca sativa L. var. capitata). Sci.
Hortic. (Amsterdam) 150, 86-91. http://dx.doi.org/10.1016/j.scienta.2012.10.002.

Liu, H., Fu, Y., Wang, M., Liu, H., 2017. Green light enhances growth, photosynthetic
pigments and CO, assimilation efficiency of lettuce as revealed by’ knock-out’ of the
480-560 nm spectral waveband. Photosynthetica 54, 1-10. http://dx.doi.org/10.
1007/511099-016-0233-7.

Liu, H., Liu, B., Zhao, C., Pepper, M., Lin, C., 2011. The action mechanisms of plant
cryptochromes. Trends Plant Sci. 16, 684-691. http://dx.doi.org/10.1016/j.tplants.
2011.09.002.

Liu, L.H., Zabaras, D., Bennett, L.E., Aguas, P., Woonton, B.W., 2009. Effects of UV-C, red
light and sun light on the carotenoid content and physical qualities of tomatoes
during post-harvest storage. Food Chem. 115, 495-500. http://dx.doi.org/10.1016/j.
foodchem.2008.12.042.

Lu, N., Maruo, T., Johkan, M., Hohjo, M., Tsukagoshi, S., Ito, Y., Ichimura, T., Shinohara,
Y., 2012. Effects of supplemental lighting with light-emitting diodes (LEDs) on to-
mato yield and quality of single-truss tomato plants grown at high planting density.
Environ. Control Biol. 50, 63-74.

Ma, G., Zhang, L., Kato, M., Yamawaki, K., Kiriiwa, Y., Yahata, M., Ikoma, Y., Matsumoto,
H., 2014a. Effect of the combination of ethylene and red LED light irradiation on
carotenoid accumulation and carotenogenic gene expression in the flavedo of citrus
fruit. Postharvest Biol. Technol. 99, 99-104. http://dx.doi.org/10.1016/j.
postharvbio.2014.08.002.

Ma, G., Zhang, L., Setiawan, C.K., Yamawaki, K., Asai, T., Nishikawa, F., Maezawa, S.,
Sato, H., Kanemitsu, N., Kato, M., 2014b. Effect of red and blue LED light irradiation
on ascorbate content and expression of genes related to ascorbate metabolism in
postharvest broccoli. Postharvest Biol. Technol. 94, 97-103. http://dx.doi.org/10.
1016/j.postharvbio.2014.03.010.

Ma, G., Zhang, L.C., Kato, M., Yamawaki, K., Kiriiwa, Y., Yahata, M., Ikoma, Y.,
Matsumoto, H., 2012. Effect of blue and red LED light irradiation on beta-cryptox-
anthin accumulation in the flavedo of Citrus fruits. J. Agric. Food Chem. 60, 197-201.
http://dx.doi.org/10.1021/Jf203364m.

Ma, L., Li, J., Qu, L., Hager, J., Chen, Z., Zhao, H., Deng, X.W., Ma, L., Li, J., Qu, L., Hager,
J., Chen, D.Z., Zhao, H., 2001. Light control of Arabidopsis development entails co-
ordinated regulation of genome expression and cellular pathways. Plant Cell 13,
2589-2607. http://dx.doi.org/10.1105/tpc.010229.lated.

Martineau, V., Lefsrud, M., Naznin, M.T., Kopsell, D.A., 2012. Comparison of light-
emitting diode and high-pressure sodium light treatments for hydroponics growth of
Boston lettuce. HortScience 47, 477-482. http://dx.doi.org/10.1017/
CB0O9781107415324.004.

Massa, G.D., Kim, H.H., Wheeler, R.M., Mitchell, C.A., 2008. Plant productivity in re-
sponse to LED lighting. HortScience 43, 1951-1956.

Meng, Q., Runkle, E.S., 2014. Controlling flowering of photoperiodic ornamental crops
with light-emitting diode lamps: a coordinated grower trial. Horttechnology 24,
702-711.

Mengxi, L., Zhigang, X., Yang, Y., Yijie, F., 2011. Effects of different spectral lights on
Oncidium PLBs induction, proliferation, and plant regeneration. Plant Cell Tissue
Organ Cult. 106, 1-10. http://dx.doi.org/10.1007/s11240-010-9887-1.

Merzlyak, M.N., Melg, T.B., Naqvi, K.R., 2008. Effect of anthocyanins, carotenoids, and
flavonols on chlorophyll fluorescence excitation spectra in apple fruit: signature

450

Scientia Horticulturae 235 (2018) 437-451

analysis, assessment, modelling, and relevance to photoprotection. J. Exp. Bot. 59,
349-359. http://dx.doi.org/10.1093/jxb/erm316.

Milberg, P., Andersson, L., Thompson, K., 2000. Large-seeded spices are less dependent on
light for germination than small-seeded ones. Seed Sci. Res. 10, 99. http://dx.doi.
0rg/10.1017/50960258500000118.

Mitchell, C.A., Dzakovich, M.P., Gomez, C., Lopez, R., Burr, J.F., Hernandez, R., Kubota,
C., Currey, C.J., Meng, Q., Runkle, E.S., Bourget, C.M., Morrow, R.C., Both, A.J.,
2015. Light-emitting diodes in horticulture. Hortic. Rev. (Am. Soc. Hortic. Sci). 43,
1-88. http://dx.doi.org/10.1002/9781119107781.ch01.

Mitchell, C., Both, A.-J., Bourget, M., Burr, J., Kubota, C., Lopez, R., Morrow, R., Runkle,
E., 2012. LEDs: the future of greenhouse lighting!. Chron. Hortic. 52, 1-9.

Morales, L.O., Brosche, M., Vainonen, J., Jenkins, G.I., Wargent, J.J., Sipari, N., Strid, A.,
Lindfors, A.V., Tegelberg, R., Aphalo, P.J., 2013. Multiple roles for UV RESISTANCE
LOCUSS in regulating gene expression and metabolite accumulation in Arabidopsis
under solar ultraviolet radiation. Plant Physiol. 161, 744-759. http://dx.doi.org/10.
1104/pp.112.211375.

Morrow, R.C., 2008. LED lighting in horticulture. HortScience 43, 1947-1950.

Murdoch, J.B., 1985. llluminating Engineering-From Edison’s Lamp to the Laser.
Macmillan Pub. Comp., New York, NY.

Neff, M.M., Fankhauser, C., Chory, J., 2000. Light: an indicator of time and place. Genes
Dev. 14, 257-271. http://dx.doi.org/10.1101/gad.14.3.257.

Nelson, P.V., 2012. Greenhouse Operation and Management, 7th ed. Pearson Prentice
Hall, Upper Saddle River, NJ.

Nelson, J.A., Bugbee, B., 2014. Economic analysis of greenhouse lighting: light emitting
diodes vs. high intensity discharge fixtures. PLoS One 9. http://dx.doi.org/10.1371/
journal.pone.0099010.

Ntagkas, N., Min, Q., Woltering, E.J., Labrie, C., Nicole, C.C.S., Marcelis, L.F.M., 2016.
Iluminating tomato fruit enhances fruit vitamin C content. Acta Hortic. 1134,
351-356. http://dx.doi.org/10.17660/ActaHortic.2016.1134.46.

Ntagkas, N., Woltering, E.J., Marcelis, L.F.M., 2017. Light regulates ascorbate in plants:
an integrated view on physiology and biochemistry. Environ. Exp. Bot. http://dx.doi.
org/10.1016/j.envexpbot.2017.10.009.

Ouzounis, T., Fretté, X., Ottosen, C.O., Rosengvist, E., 2014a. Spectral effects of LEDs on
chlorophyll fluorescence and pigmentation in Phalaenopsis “Vivien” and “Purple
Star”. Physiol. Plant. 154, 314-327. http://dx.doi.org/10.1111/ppl.12300.

Ouzounis, T., Fretté, X., Rosengvist, E., Ottosen, C.O., 2014b. Spectral effects of supple-
mentary lighting on the secondary metabolites in roses, chrysanthemums, and cam-
panulas. J. Plant Physiol. 171, 1491-1499. http://dx.doi.org/10.1016/j.jplph.2014.
06.012.

Ouzounis, T., Heuvelink, E., Ji, Y., Schouten, H.J., Visser, R.G.F., Marcelis, L.F.M., 2016.
Blue and red LED lighting effects on plant biomass, stomatal conductance, and me-
tabolite content in nine tomato genotypes. Acta Hortic. 1134, 251-258. http://dx.
doi.org/10.17660/ActaHortic.2016.1134.34.

Ouzounis, T., Razi Parjikolaei, B., Fretté, X., Rosenqvist, E., Ottosen, C.-O., 2015a.
Predawn and high intensity application of supplemental blue light decreases the
quantum yield of PSII and enhances the amount of phenolic acids, flavonoids, and
pigments in Lactuca sativa. Front. Plant Sci. 6, 1-14. http://dx.doi.org/10.3389/fpls.
2015.00019.

Ouzounis, T., Rosengvist, E., Ottosen, C.-O., 2015b. Spectral effects of artificial light on
plant physiology and secondary metabolism. Hortscience 50, 1128-1135.

Owen, W.G., Lopez, R.G., 2017. Geranium and purple Fountain grass leaf pigmentation is
influenced by end-of-production supplemental lighting with red and blue light-
emitting diodes. HortScience 52, 236-244. http://dx.doi.org/10.21273/
HORTSCI11098-16.

Panjai, L., Noga, G., Fiebig, A., Hunsche, M., 2017. Effects of continuous red light and
short daily UV exposure during postharvest on carotenoid concentration and anti-
oxidant capacity in stored tomatoes. Sci. Hortic. (Amsterdam) 226, 97-103. http://
dx.doi.org/10.1016/j.scienta.2017.08.035.

Park, Y., Runkle, E.S., 2017. Far-red radiation promotes growth of seedlings by increasing
leaf expansion and whole-plant net assimilation. Environ. Exp. Bot. 136, 41-49.
http://dx.doi.org/10.1016/j.envexpbot.2016.12.013.

Pedmale, U.V., Celaya, R.B., Liscum, E., 2002. Phototropism, mechanisms and outcomes.
Arab. Book. http://dx.doi.org/10.1199/tab.0042. http://www.aspb.org/publicati.

Pimputkar, S., Speck, J.S., DenBaars, S.P., Nakamura, S., 2009. Prospects for LED lighting.
Nat. Photon. 3, 180-182.

Pizarro, L., Stange, C., 2009. Light-dependent regulation of carotenoid biosynthesis in
plants. Cienc. e Investig. Agrar. 36, 143-162. http://dx.doi.org/10.4067/50718-
16202009000200001.

Poel, B.R., Runkle, E.S., 2017. Spectral effects of supplemental greenhouse radiation on
growth and flowering of annual bedding plants and vegetable transplants.
HortScience 52, 1221-1228. http://dx.doi.org/10.21273/HORTSCI12135-17.

Pokorny, R., Klar, T., Hennecke, U., Carell, T., Batschauer, A., Essen, L.-O., 2008.
Recognition and repair of UV lesions in loop structures of duplex DNA by DASH-type
cryptochrome. Proc. Natl. Acad. Sci. 105, 21023-21027. http://dx.doi.org/10.1073/
pnas.0805830106.

Rabara, R.C., Behrman, G., Timbol, T., Rushton, P.J., 2017. Effect of spectral quality of
monochromatic LED lights on the growth of Artichoke seedlings. Front. Plant Sci. 8,
1-9. http://dx.doi.org/10.3389/fpls.2017.00190.

Ramalho, J.C., Marques, N.C., Semedo, J.N., Matos, M.C., Quartin, V.L., 2002.
Photosynthetic performance and pigment composition of leaves from two tropical
species is determined by light quality. Plant Biol. 4, 112-120. http://dx.doi.org/10.
1055/5-2002-20443.

Rao, A.Q., Bakhsh, A., Nasir, I.A., Riazuddin, S., Husnain, T., 2011. Phytochrome B mRNA
expression enhances biomass yield and physiology of cotton plants. J. Biotechnol. 10,
1818-1826. http://dx.doi.org/10.5897/AJB09.1188.

Reinbothe, S., Reinbothe, C., 1996. Regulation of chlorophyll biosynthesis in



F. Bantis et al.

angiosperms. Plant Physiol. 1-7.

Ruberti, ., Sessa, G., Ciolfi, A., Possenti, M., Carabelli, M., Morelli, G., 2012. Plant
adaptation to dynamically changing environment: the shade avoidance response.
Biotechnol. Adv. 30, 1047-1058. http://dx.doi.org/10.1016/j.biotechadv.2011.08.
014.

Sakamoto, K., Briggs, W.R., 2002. Cellular and subcellular localization of phototropin 1.
Plant Cell 14, 1723-1735. http://dx.doi.org/10.1105/tpc.003293.Phot1.

Samuoliene, G., Brazaityte, A., Sirtautas, R.N., VirSile, A., Sakalauskaite, J.,
Sakalauskiene, S., Duchovskis, P., 2013. LED illumination affects bioactive com-
pounds in romaine baby leaf lettuce. J. Sci. Food Agric. 93, 3286-3291. http://dx.
doi.org/10.1002/jsfa.6173.

Samuoliené, G., Virsilé, A., Brazaityteé, A., Jankauskieng, J., Sakalauskiené, S., Vastakaite,
V., Novickovas, A., Viskeliené, A., Sasnauskas, A., Duchovskis, P., 2017. Blue light
dosage affects carotenoids and tocopherols in microgreens. Food Chem. 228, 50-56.
http://dx.doi.org/10.1016/j.foodchem.2017.01.144.

Sarkka, L.E., Jokinen, K., Ottosen, C.O., Kaukoranta, T., 2017. Effects of HPS and LED
lighting on cucumber leaf photosynthesis, light quality penetration and temperature
in the canopy, plant morphology and yield. Agric. Food Sci. 26, 101-109. http://dx.
doi.org/10.23986/afsci.60293.

Schubert, E.F., Kim, J.K., 2005. Solid-state light sources getting smart. Science 80 (308),
1274-1278. http://dx.doi.org/10.1126/science.1108712.

Schultz, C., Platonova, 1., Doluweera, G., Irvine-Halliday, D., 2008. Why the Developing
World Is the Perfect Market Place for Solid State Lighting 7058. pp. 705802. http://
dx.doi.org/10.1117,/12.800718.

Seigler, D., 1998. Plant Secondary Metabolism. Kluwer Academic Publishers, Dordrecht,
The Netherlands.

Selby, C.P., Sancar, A., 2006. A cryptochrome/photolyase class of enzymes with single-
stranded DNA-specific photolyase activity. Proc. Natl. Acad. Sci. U. S. A. 103,
17696-17700. http://dx.doi.org/10.1073/pnas.0607993103.

Sellaro, R., Crepy, M., Trupkin, S.A., Karayekov, E., Buchovsky, A.S., Rossi, C., Casal, J.J.,
2010. Cryptochrome as a sensor of the blue/green ratio of natural radiation in
Arabidopsis. Plant Physiol. 154, 401-409. http://dx.doi.org/10.1104/pp.110.
160820.

Shi, L., Cao, S., Chen, W., Yang, Z., 2014. Blue light induced anthocyanin accumulation
and expression of associated genes in Chinese bayberry fruit. Sci. Hortic.
(Amsterdam) 179, 98-102. http://dx.doi.org/10.1016/j.scienta.2014.09.022.

Shimada, A., Taniguchi, Y., 2011. Red and blue pulse timing control for pulse width
modulation light dimming of light emitting diodes for plant cultivation. J.
Photochem. Photobiol. B Biol. 104, 399-404. http://dx.doi.org/10.1016/j.
jphotobiol.2011.04.007.

Shin, K.S., Murthy, H.N., Heo, J.W., Hahn, E.J., Paek, K.Y., 2008. The effect of light
quality on the growth and development of in vitro cultured Doritaenopsis plants. Acta
Physiol. Plant. 30, 339-343. http://dx.doi.org/10.1007/s11738-007-0128-0.

Simpson, R.S., 2003. Lighting Control - Technology and Applications. Focal Press, Oxford
pp. 564.

Smith, H., 2000. Phytochromes and light signal perception by plants—-an emerging
synthesis. Nature 407, 585-591. http://dx.doi.org/10.1038/35036500.

Smith, H.L., Mcausland, L., Murchie, E.H., 2017. Don’t ignore the green light: exploring
diverse roles in plant processes. J. Exp. Bot. 68, 2099-2110. http://dx.doi.org/10.
1093/jxb/erx098.

Snowden, M.C., Cope, K.R., Bugbee, B., 2016. Sensitivity of seven diverse species to blue
and green light: interactions with photon flux. PLoS One 11. http://dx.doi.org/10.
1371/journal.pone.0163121.

Solovchenko, A.E., Merzlyak, M.N., 2008. Screening of visible and UV radiation as a
photoprotective mechanism in plants. Russ. J. Plant Physiol. 55, 719-737. http://dx.
doi.org/10.1134/51021443708060010.

Somers, D.D., Devlin, P.F., Kay, S.A., 1998. Phytochromes and cryptochromes in the
entrainment of the Arabidopsis Circadian clock. Science (282), 1488-1490. http://

451

Scientia Horticulturae 235 (2018) 437-451

dx.doi.org/10.1126/science.282.5393.1488.

Son, K.-H., Lee, J.-H., Oh, Y., Kim, D., Oh, M.-M., In, B.-C., 2017. Growth and bioactive
compound synthesis in cultivated lettuce subject to light-quality changes.
HortScience 52, 584-591. http://dx.doi.org/10.21273/HORTSCI11592-16.

Song, Y., Jiang, C., Gao, L., 2016. Polychromatic supplemental lighting from underneath
canopy is more effective to enhance tomato plant development by improving leaf
photosynthesis and stomatal regulation. Front. Plant Sci. 7, 1-14. http://dx.doi.org/
10.3389/fpls.2016.01832.

Strasser, B., Sanchez-Lamas, M., Yanovsky, M.J., Casal, J.J., Cerdan, P.D., 2010.
Arabidopsis thaliana life without phytochromes. Proc. Natl. Acad. Sci. 107,
4776-4781. http://dx.doi.org/10.1073/pnas.0910446107.

Stutte, G.W., Edney, S., Skerritt, T., 2009. Photoregulation of bioprotectant content of red
leaf lettuce with light-emitting diodes. HortScience 44, 79-82.

Suetsugu, N., Wada, M., 2013. Evolution of three LOV blue light receptor families in green
plants and photosynthetic stramenopiles: phototropin, ZTL/FKF1/LKP2 and aur-
eochrome. Plant Cell Physiol. 54, 8-23. http://dx.doi.org/10.1093/pcp/pcs165.

Terfa, M.T., Solhaug, K.A., Gislergd, H.R., Olsen, J.E., Torre, S., 2013. A high proportion
of blue light increases the photosynthesis capacity and leaf formation rate of
Rosa x hybrida but does not affect time to flower opening. Physiol. Plant 148,
146-159. http://dx.doi.org/10.1111/j.1399-3054.2012.01698.x.

Tinus, R.W., 1995. A new greenhouse photoperiod lighting system for prevention of
seedling dormancy. Tree Plant Notes 46, 11-14.

Trouwborst, G., Oosterkamp, J., Hogewoning, S.W., Harbinson, J., van Ieperen, W., 2010.
The responses of light interception, photosynthesis and fruit yield of cucumber to
LED-lighting within the canopy. Physiol. Plant 138, 289-300. http://dx.doi.org/10.
1111/j.1399-3054.2009.01333.x.

Ulm, R., Baumann, A., Oravecz, A., Maté, Z., Adam, E., Oakeley, E.J., Schifer, E., Nagy,
F., 2004. Genome-wide analysis of gene expression reveals function of the bZIP
transcription factor HY5 in the UV-B response of Arabidopsis. Proc. Natl. Acad. Sci. U.
S. A. 101, 1397-1402. http://dx.doi.org/10.1073/pnas.0308044100.

Urrestarazu, M., Ngjera, C., Gea, M., del, M., 2016. Effect of the spectral quality and
intensity of light-emitting diodes on several horticultural crops. HortScience 51,
268-271.

Von Wettberg, E.J., Schmitt, J., 2005. Physiological mechanism of population differ-
entiation in shade-avoidance responses between woodland and clearing genotypes of
Impatiens capensis. Am. J. Bot. 92, 868-874. http://dx.doi.org/10.3732/Ajb.92.5.868.

Wang, Y., Folta, K.M., 2013. Contributions of green light to plant growth and develop-
ment. Am. J. Bot. 100, 70-78. http://dx.doi.org/10.3732/ajb.1200354.

Wink, M., 2010. . Functions and biotechnology of plant secondary metabolites. . Ann.
Plant. Rev. 3 Wiley-Blackwell, Oxford, UK.

Witkowska, I.M., 2013. Factors Affecting the Postharvest Performance of Fresh-Cut
Lettuce.

Yeh, N., Chung, J.P., 2009. High-brightness LEDs-energy efficient lighting sources and
their potential in indoor plant cultivation. Renew. Sustain. Energy Rev. 13,
2175-2180. http://dx.doi.org/10.1016/j.rser.2009.01.027.

Yuan, Z., Deng, L., Yin, B., Yao, S., Zeng, K., 2017. Effects of blue LED light irradiation on
pigment metabolism of ethephon-degreened mandarin fruit. Postharvest Biol.
Technol. 134, 45-54. http://dx.doi.org/10.1016/j.postharvbio.2017.08.005.

Zhang, T., Maruhnich, S.A., Folta, K.M., 2011. Green light induces shade avoidance
symptoms. Plant Physiol. 157, 1528-1536. http://dx.doi.org/10.1104/pp.111.
180661.

Zheng, L., Van Labeke, M.-C., 2017. Long-term effects of red- and blue-light emitting
diodes on leaf anatomy and photosynthetic efficiency of three ornamental pot plants.
Front. Plant Sci. 8, 1-12. http://dx.doi.org/10.3389/fpls.2017.00917.

Zoltowski, B.D., Imaizumi, T., 2014. Structure and function of the ZTL/FKF1/LKP2 group
proteins in Arabidopsis. Enzymes 35, 213-239. http://dx.doi.org/10.1016/B978-0-
12-801922-1.00009-9.



