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Abstract

Light is a vital environmental factor that affects plant growth and development by acting on plants not only as
the sole energy source of photosynthesis, but also as the kind of external signal. Light requirements of plants are
subjected to species, cultivar, growth and developmental stages of plant, environmental conditions and manipulation
target of yield & quality. Therefore, detailed studies on light formula (LF) based on physiological requirement are
urgently needed for getting high yield and good quality in plants. With the development of semiconductor solid light
sources, light-emitting diodes (LEDs), light quality physiology and light formula in plants have been gradually and
extensively conducted worldwide by taking advantage of LED providing precise light spectrum and close illumination.
LF defined as optimized and integrated assembly of spectral component emitting from light sources (particularly
LEDs) that is suitable for plant productivity and nutritional quality formation. Based on published literatures, red,
blue, and compound white light are macro-necessary light spectrum, and purple, green, yellow and orange light are
micro-beneficial light spectrum, while far-red light and ultraviolet light are beneficial light spectrum. However, other
light spectrum except photosynthetic active radiation, far-red and ultraviolet light is invalid for plant cultivation. Our
hypothesis is that one or two kinds of necessary light quality, special micro-beneficial and beneficial light quality can
make up a light formula for a kind of plant during certain period and certain environmental conditions. LF is a crucial
scientific issue that should be established for protected cultivation plants with artificial light or plants that needed
supplemental light. More importantly, LF is an important part of light environment management strategy (LEMS),
referring to management of light intensity, LF and photoperiod. LEMS should be established for plant cultivation
with artificial light sources. In this project, the application of LF and LEMS will be used in the plant factory for the
advantages of entire artificial light source, cultivation with nutrient solution and intelligentized environmental control.
Furthermore, vegetables, particularly leafy vegetables, will be preferentially used for the project. To sum up, the
study will focus on LF which will provide technique parameters for potential efficiency (high yield and good quality)
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during plant growth and development.
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Introduction

Protected vegetable cultivation has developed rapidly worldwide
to meet the increasing demand for fresh vegetables. For example, it
was estimated that the planting area of China of protected vegetables
reached four million hectares in 2010 [1]. Nowadays, the protected
facilities mainly include glasshouse, greenhouse, Chinese solar-green-
house, plastic tents and plant factories for off-season vegetable cultiva-
tion. Plant factory is the top pattern of modern protected horticulture.
Currently, dozens of plant factories, especially vegetable factories, are
in operation in some countries, e.g. Japan, China, and Netherlands etc.
As the dominant type, the vegetable factories trace their roots back to
the Christensen Farm in Denmark, where production first started in
1957 [2].

Light is a vital environmental factor that affects plant growth and
development by acting on plants not only as the sole energy source of
photosynthesis (acting on chlorophyll), but also as the kind of external
signal (acting on cryptochrome, phototropin and the other photorecep-
tors) after being intercepted and absorbed by photosynthetic tissue. It
is well known that plant growth and development are regulated by light
quality, light intensity and photoperiod, so above three elements are key
components of light condition. Under cover, besides photosynthetically
active radiation (PAR) (400-700 nm), the medium-wave ultraviolet light
(UV-B, 280-320 nm) long-wave ultraviolet light (UV-A, 320-400 nm)
are important spectral components for vegetable production. However,
due to the absorption and obstruction effects of cover materials (glass
and plastic film), only about 88% visible light and 15.9-21.1% ultravio-

let irradiation is transmitted into protected systems, which resulted in
significant reduction in light intensity and even substantially modifica-
tion in light spectrum composition [3-5]. In order to obtain an opti-
mal light environment for vegetable growth, artificial light is needed to
overcome the irregular diurnal light intensity changes of natural light in
greenhouse or as the sole main light source. More importantly, UV-A,
UV-B and UV-C irradiation levels in closed cultivation systems with ar-
tificial light, e.g. plant factory, are very low, since ultraviolet irradiation
is not present in fluorescent lamps and light-emitting diodes (400-700
nm). Therefore, detailed investigation on effects of light quality of PAR
and ultraviolet irradiation on growth, physiological metabolisms and
nutritional quality is necessary.

Generally, the improvement of yield and nutritional quality of veg-
etables in protected facilities is the final target of light environment
regulation. Based on current literatures, precise spatiotemporal man-
agement of light conditions (light quality, light intensity and photope-
riod) can enhance yield and accumulation of health-beneficial phyto-
chemicals in vegetables. Optimized light environment regulation can
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be environmentally friendly. High-quality vegetables can be produced
in protected facilities. Liu et al. [6] defined high-quality vegetables as
vegetables not containing over-the-limit harmful substances (nitrate,
nitrite, heavy metals and pesticides), and not having negative effects
on human health after ingestion. Health-beneficial phytochemicals of
vegetables are referred to some substances, such as ascorbic acid, carot-
enoids, phenolics, flavoids, which are influential beneficially to human
health.

In greenhouses, the artificial light source is used to support the
natural light, while the artificial light source itself entirely determines
the light conditions in closed vegetable factories. So, the strategy for
balancing the light requirements of vegetables to the light conditions is
largely different in the two kinds of protected facilities. Comparatively,
the latter is relatively easy to realize. In our view, it is possible to regu-
late the productivity and nutritional quality of horticultural crops in
protected facilities. However, what kind of light quality or wavelength
combinations is suitable for a specific horticultural crop? How to man-
age light quality, light intensity and photoperiod synergically? What is
the light environment management strategy for various protected facili-
ties? These issues are far fully investigated, understood and answered.
Therefore, more work is urgently needed to clarify the relationship be-
tween light conditions (light quality, light intensity and photoperiod)
and growth & quality at every developmental stages of plants in vari-
ous protected systems. Apparently, closed plant factory with artificial
lighting is the ideal protected facility as objective that should be studied
on above issues preferentially, and study outcome is priorily applied in
closed plant factory.

Light Formula (LF): Concept and Significance

As qualitative factor, light quality is the primary component in light
condition. Based on current literatures, biologically active light quality
can be classified into three zones located in spectrum, including PAR
zone (400 nm to 700 nm), far-red zone (700 nm to 750 nm), and ultra-
violet irradiation zone (200 nm t0 400 nm). PAR are comprised of red,
blue, green, purple, yellow, orange, cyan, while ultraviolet irradiation is
comprised of UV-A (320 nm to 400 nm), UV-B (280 nm to 320 nm),
and UV-C (200 nm to 280 nm). Higher plants are empowered with an
array of photoreceptors controlling diverse responses to light quality
for plant growth and its photo morphogenesis. Generally, plants have
three different photoreactions: (1) red and blue light used in photosyn-
thesis; (2) blue light used in cryptochrome and phototropin reaction
systems; (3) red and far-red light enabling reversible switching of the
phytochrome system [7].

For natural light, light quality is often unsuitable for horticultural
growth and health-beneficial phytochemical formation. Traditionally,
both supplemental lighting in greenhouse and in closed vegetable fac-
tories, use stable light conditions to maintain photosynthesis and photo
morphogenesis, so light is a critical yet passive entity. With the develop-
ment of light-emitting diode (LED), the potential to actively implement
dynamic lighting strategies to control plant growth and development,
and nutritional quality holds great promise in the future of protected
cultivation. LEDs can tailor illumination spectra according to plant re-
quirements. Based on the advancements in LED illumination technol-
ogy, here, we put forward light formula (LF) concept for guiding the op-
timization of light quality application in protected plant cultivation. LF
is defined as an optimized light quality component aiming at high pro-
ductivity or nutritional quality under protected production. Basically,
LF of plants are subjected to species, cultivar, growth and developmen-
tal stages of plant, environmental conditions and manipulation target
of yield & quality. In other words, LF is cultivar-specific, dynamic and

adjustable accompanied with the corresponding biological processes
of plants. Not only establishment of plant LF relies on LED technol-
ogy development, also application of LF relies on LED lighting systems.
Surely, LED, a sort of solid-state, narrow bandwidth lighting platforms,
offer a unique opportunity to realize light quality precise managements
according to LE In the future, a set of specific LF should be studied
and developed for specific horticultural crops, and LF may be adjusted
throughout the entire life of plant to potentially optimize traits of inter-
est, such as morphology, yield and nutritional quality.

LF and its management strategy are of great significance for closed
plant factory production with artificial light. (1) LF management will
save energy by deleting extra light spectra; (2) LF management will
maximize the yield and/or nutritional quality; (3) LF management is
a basis for establish light environment management strategy (LEMS).
Nowadays, LF and its management strategy is far perfectly established.
Detailed studies on light formula (LF) based on physiological require-
ment of plants one by one are urgently needed for high yield and quality
targets.

Light-Emitting Diodes (LEDs): An Optimal Tool for LF
Research

LE in essence, is an optimized and integrated assembly of spectral
component emitted from light sources that is suitable for plant produc-
tivity and nutritional quality formation. LED is an ideal tool to study
light quality requirements of every horticultural crop. Their small size,
durability, long operating lifetime, wavelength specificity, relatively cool
emitting surfaces, and linear photon output with electrical input cur-
rent make these solid-state light sources ideal for use in plant lighting
designs. Because the output waveband of LEDs is much narrow than
that of traditional sources of electric lighting used for plant growth, one
challenge in designing an optimum light spectrum [8]. LEDs have tre-
mendous potential as supplemental or sole-source lighting systems for
crop production. Several accepted advantages of LED can be classified.
First, LED is energy-saving, small size and with high light efficiency;
Second, LED is cold light source with low thermal radiation, so it can
illuminate plants closely; Third, LED can emit multiple narrow-band-
width monochromatic light with specific wavelengths, almost covering
all biologically active light qualities. In addition, light quality biology
and physiology have been gradually and extensively conducted world-
wide by taking advantage of LED providing precise light spectrum and
close illumination, which provide abundant data to establish LE. Totally,
LED is a best candidate as light source for regulating plant biology, pro-
ductivity and nutritional quality. Up to date, a number of studies and
their findings are useful for selection of LED types and positioning for
a variety of purposes depending on crop type and desired responses. To
select specific wavelengths for a targeted plant response makes LEDs
more suitable for plant-based uses than many other light sources. More
importantly, compound or mixed light quality according to LF can be
realized through combination with various LEDs. Thus, using LED as
artificial light source; light quality can be controlled with great preci-
sion as desired [9].

Light Formula (LF) for Protected Horticultural Plants:
Primary Conclusions

LEDs have become an optimal tool for LF research of plants, partic-
ularly vegetables in closed plant factory or growth chamber since 1990s
last century. It is well known that NASAs Kennedy Space Center and
Purdue University had made great contributions for LED lighting tech-
nology [8,9]. Today, scientists of many countries, e.g. Japan, USA and
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China, are positively working in this field. With rapid development of
LED technology in 21th century, research on light biology and physiol-
ogy of vegetables accelerated because more pure light wavelengths were
emitted from novel LED lighting systems.

In 1990s, some initial studies focused on usefulness of LEDs as a
sole source or as supplemental lighting for plant growth. For PAR, bio-
logical effects of red light plus blue light were extensively investigated
on lettuce [10-12], strawberry [13] and pepper [14], wheat [15] and rice
[16]. Goins et al. [15] indicated that wheat can complete its life cycle
under red LEDs alone, but larger plants and greater amounts of seeds
are produced in the presence of red LEDs supplemented with a quantity
of blue light. Matsuda et al. [16] also found that rice plants grown under
a combination of red (660 nm) and blue (470 nm) LEDs sustained high-
er leaf photosynthetic rates than did leaves from plants grown under
red LEDs only. Yorio et al. [12] summarized previous blue light work
and reported that yield of lettuce, spinach, and radish crops grown un-
der red LEDs alone was reduced compared with when blue fluorescence
was included to give the same final PPE Schuerger et al. [17] examined
changes in leaf anatomy of pepper under different color combinations
of light. They used red (660 nm) LEDs combined either with FR (735
nm) LEDs or BF lamps at the same PPE. Their results indicated that leaf
thickness and number of chloroplasts per cell depended much more on
the level of blue light than the red : FR ratio. Many horticultural and
grain crops had been cultivated successfully under LED light sources
with red light, blue light or red plus blue light quality, including let-
tuce, spinach, strawberry, tomato, cucumber, potato, wheat and rice as
white light. Furthermore, mixed light quality comprised of suitable red
light and blue light ratio did facilitate high productivity or nutritional
quality, e.g. lettuce [18], spinach [19], strawberry [20]. Previous work
has focused on the proportion of blue light required for normal plant
growth as well as the optimum wavelength of red and the red/far-red
ratio. Thus it can be concluded that, as white light, blue light and red
light is necessary light quality for plant cultivation. Combination of red
and blue lighting was an effective light source for several crops.

Other light qualities were also evidenced in yield or quality benefits
in vegetable production under artificial lighting. Kim et al. [21] found
that the addition of 24% green light to red and blue LEDs enhanced let-
tuce growth since green light can better penetrate the plant canopy and
potentially increase plant growth by increasing photosynthesis. The ad-
dition of green light could offer more benefits, since green light can bet-
ter penetrate the plant canopy and potentially increase plant growth by
increasing photosynthesis from the lower canopy leaves. Similarly, other
light wavelengths, such as yellow, orange, purple, cyan and so on, may
affect horticultural crops to some extent under certain conditions. This
needs further investigations. Liu et al. [22,23] plants under red+blue
and red+blue+green light were significantly stronger and shorter, while
under yellow, green and red light were weaker and higher compared
with the white light treatment. Photosynthetic pigments were shown to
have significant difference under respective light irradiations of LEDs.
Taken together, red plus blue and red plus blue and green light of LEDs
were shown to be beneficial factors for the growth and photosynthesis
of cherry tomato seedlings.

Recently, usefulness of supplemental ultraviolet radiation on growth
and nutritional quality of protected vegetables were also explored. Us-
ing UV-A, blue, green, red, and far-red LEDs, authors investigated the
effects of different supplemental light qualities on phytochemicals and
growth of baby leaf lettuce, grown white fluorescent lamps as the main
light source inside a growth chamber [24]. Briefly, supplemental blue
or UV-A could enhance accumulation of anthocyanins, supplemental

blue also increased carotenoids concentration, supplemental R could
increase phenolics concentration while supplemental far-red light
could increase biomass, but result in lower phytochemical concentra-
tions. A controlled light quality with an appropriate ratio of blue, red
or far-red light quality provided as supplemental light may improve
phytochemical content and biomass of plants grown under white light.
Further studies are needed to describe the effects of different ratios of
selected light qualities in both growth chamber and greenhouse condi-
tions. The results demonstrated that supplemental light quality could be
strategically used to enhance nutritional value and growth of baby leaf
lettuce grown under white light [24]. Via continuous lighting by LED,
the contribution of red light to significant f-carotene expression and
antioxidant activity for nutrition and health benefits are emphasized
[25].

Also, the potential for increasing secondary compounds in veg-
etables by using supplemental selected UV irradiation have been ex-
tensively investigated [26,27]. UV radiation can be regarded as a stress
factor which is capable of significantly affecting plant growth character-
istics. Generally, plant height, leaf area, leaf length have been showed
to decrease, whereas leaf thickness was increased in response to UV-B
radiation [28]. Plants produce a wide range of flavonoids and related
phenolic compounds which tend to accumulate in leaves of higher
plants in response to UV radiation [28]. Plants may produce secondary
products to protect them against UV light damage, but these metabo-
lites also play an important role in human health. Phenolics, flavonoids
and anthocyanins are responsible for antioxidant activity in fruits and
vegetables [29].

Based on published literatures, red, blue, and compound white light
are macro-necessary light spectrum, and purple, green, yellow and or-
ange light are micro-beneficial light spectrum, while far-red light and
ultraviolet light are beneficial light spectrum. Spectral changes of illu-
mination evoked different morphogenetic and photosynthetic respons-
es, which can vary among different plant species. However, other light
spectrum except photosynthetic active radiation, far-red and ultraviolet
light is invalid for plant cultivation. Our hypothesis is that one or two
kind of necessary light quality, special micro-beneficial and beneficial
light quality can make up a light formula for a kind of plant during
certain period and certain environmental conditions. LF is a crucial sci-
entific issue that should be established for protected cultivation plants
with artificial light or plants that needed supplemental light.

LF: An Important Part of the Light Environment Man-
agement Strategy (LEMS)

Establishment of LF will lay a foundation for establishing light en-
vironment management strategy (LEMS) for given protected plant spe-
cies cultivated with artificial light source. Besides LF, light intensity and
photoperiod are key contents of the light environment management.
The LEMS refers to a comprehensive management method of light en-
vironment, including LF, light intensity and photoperiod for entire life
of one special plant species, which should be established to facilitate
high productivity and good nutritional quality with artificial LED light
sources. By using LED lighting systems, it is possible to continually
adjust fluence rate, wavelength combinations, and photoperiods to ac-
tively manipulate plant morphology and production, rather than using
a stable light condition traditionally.

The application of LEMS will be used in the plant factory for the
advantages of entire artificial light source, cultivation with nutrient so-
lution and intelligent environmental control. Furthermore, vegetable
production, particularly leafy vegetable cultivation, will benefit pref-
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erentially from the use of LEMS in plant factory. Corresponding LED
lighting systems for plant factory should be designed and developed.
Ideally, for an optimum plant production and product quality, light en-
vironment have to be adapted to the needs of the plants at every mo-
ment controlled by LEMS.

Conclusions

With the development of LED illumination technology, light biol-
ogy and physiology of protected horticultural crops were conducted
extensively. Simultaneously, LEDs are bringing a breakthrough in ar-
tificial lighting in protected horticulture. LEDs provide a tool to facili-
tate the study and establishment of the LF and LEMS of every target
horticultural crops. In return, LF will provide technique parameters for
design of species-specific lighting regimes may help maximize plant
productivity and benefits of food quality. Optimization of lighting sys-
tem, establishment of LF and LEMS will drive plant cultivation in plant
factory greatly either in productivity or nutritional quality.
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