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ABSTRACT

Investigating LED Lighting Spectra to Improve Plant
Growth and Energy Use Efficiency

Nanjun Jiang

The climate change, natural resource collapsing, the world population increase,
and accompanied by the urbanization movements, are forging the global food
security issue. Vertical farming as an agriculture mode in the urban areas is
designed to meet the city food requirement as a priority, at the same time, the
emergence of LED semiconductor light source not only provides an ideal
controllable light source for plant cultivation, also offers a mythology for plant
photobiology study. It qualified the LED light to be the option meeting the overall
requirements for modern agricultural production mode, such as high efficiency,
high yield, top quality, ecology and safety, which consequently engaged this

lighting method with extensive application prospects.

The research was mainly conducted with pak choi (Brassica rapa, Chinensis),
to detect the difference physiological response and gene expression under
treatments of the changed LED spectra. LED lighting can benefit the spectral
output by becoming adjustable and species-specific for generating the
appropriate 'light recipes' covering the plant consistently changing
requirements, according to the growth stages, developing appeals and the



species differences. This study exploits new developments in a low cost,
efficiency, and new LED lighting system with the optimised set of wavelengths
which needed to maximise yield with suitable trade-offs on energy input. In pak
choi growth, the red/blue ratio as 70%/30% LED treatments showed positive
effects on pak choi, as the yield can be increased by 50% compared with
fluorescent lamp. Also, the LED lights showed remarkable improvement in
energy saving and flexibility during production. In addition, the blue light shows
significant affection for plant photomorphogenesis and light stress tolerance in
mixed and monochromatic light. The CO2 absorption was also strongly
regulated by the proportion of blue light, which indicate the fact that the ratio of
red and blue light was the deciding factor in balancing light reaction and the
Calvin cycle. The chlorophyll fluorescence measurements suggested 73% red
| 27% blue ratio LED light recipe can increase the efficiency in PSII centre and
carbon fixation which related to fresh matter increasing. Furthermore, a large
number of differential expressed genes was detected by RNA-sequencing in
pak choi, which showed genome-scale insight of gene expression responded
under different light treatments.
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INTRODUCTION



Chapter 1: Introduction

1. 1 Food Security: The effects of global population and

urbanization

Since the 21st century, the increasing world population is one of the major
concerns when it comes to the global food security issue. The gap between the
restricted food-producing capacity and the world growing food demand is the
primary impedances of human beings’ future survival. Based on the present
database, the global population is anticipated to reach 9.8 billion in 2050 (WRI,
2018), the world will need to increase food production by more than 50 % to

feed nearly 10 billion people adequately in 2050 (Tim S. et al., 2018).

On the other hand, urbanization is a trend unique to the past few centuries.
Projected by United Nation that by 2050, more than two-thirds of the world
population will live in urban areas, which indicated that close to 7 billion people
will live in cities (Will V. and Hannah W. 2019). This change leads to several
consequences to our traditional agriculture: (1) Large numbers of people is
moving to cities, resulting in the loss of agricultural labor; (2) Economic,
technology and other resources will be concentrated in large cities; (3)
Agriculture directly serves the urban residents, who require food to be more
various, personalized, and high-quality products. All these trends bring us new
challenges, consequently, lead revolutionary changes to the structure of
production chain, crop growth management module, and innovative technology
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(FAO, 2016).

1. 2 Vertical farming and artificial lights

In the conventional sense, the urbanization brought a negative impact on
agriculture industries as this phenomenon means eliminated farming workforce
and resource contention. Contrastingly, scientists realize that urbanization is
more likely to be an opportunity. Thanks to technology improvement, urban
farming as a leading-edge concept, now is considered as a possible solution to
acquiring farmable sites for modern agriculture (Suparwoko and Betri T. 2016).
The concept of vertical farming was brought by Dickson Despommier, the
professor in Environmental Health Science department of Columbia University
and his students, who stated that vertical farming is recognized as a promising
area as it uses underutilized space of city buildings (roof top, basement,
abandoned factory or stations) with advanced greenhouse technology such as
artificial lights, hydroponics/aeroponics and environment control methods, to

produce vegetables, fruits, and other crops year-round (Dickson D. 2010).

On the other hand, this in-door form of vertical farming or urban farming
indicated that we must supply all the conditions for crop growth by artificial
measures. Light, as the most important growth factor which drives
photosynthesis and strongly affects plant growth, is considered to be the most
critical condition in this closed environment. The application of artificial light
sources in cultivated plants has been more than 150 years history and has gone

through four stages: incandescent lamps, open arc lighting, enclosed gas
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discharge lighting and Light-emitting diode (LED) solid-state lighting (Lin Y. et
al., 2011). At present, the field of plant supplementation mainly uses fluorescent
lamps as artificial light sources, but LED is now considered as the most
prospective advancement in the following decades, this light source devices
with its advantages such as high efficiency, narrow spectral, environmental
friendly, cold working temperature, and long lifetime, has now begun to enter
the stage of rapid development, and appeared in a large number of urban

agricultural applications (Morrow R. C. 2008).

1. 3 Problem statement and Justification

Although, as a resource-intensive mode of agricultural production, urban
agriculture and vertical farming can alleviate food crisis caused by population
increasing and urbanization, we still need to maximize the efficiency of resource
utilization due to its high costs. Photosynthesis provides all the energy for plant
growth which makes it the key progress for efficiency improving, and the
photosynthetic pigments are involved in light energy absorption, transmission
and conversion, their content and composition directly affect photosynthetic
efficiency. As the most critical pigment involved in photosynthesis, chlorophyll's
absorption peaks are mainly dropped in 430nm-470nm and 650nm-675nm,
namely red and blue light. Therefore, the “Light Recipe” dominated by red and
blue light has become an important way for researchers to study crop
photosynthesis (Savvides A. et al.,, 2012; Zeiger E. et al., 1981). With the
development of LED technology and the decreasing of manufacturing cost, the
application of LED light source (especially the combination of red and blue LED
lights) in urban agriculture has attracted more and more attentions (Singh S. et
al., 2017), such as Kim S. J. et al (2004) indicated that mixed red and blue light
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was more conducive to the growth of lettuce, and higher light intensity led to
higher photosynthetic rate; also Lin Y. et al (2011) found that the concentrations
of chlorophyll and carotenoids in the protocorm-like bodies of Dendrobium
officinale could be significantly increased if treated by different red-blue ratio
LED lights.

However, the adoption of LED lights in vertical farming is still limited by the plant
photobiology speciality and the characteristics of LED devices themselves, to
be specific: (1) The vegetative and reproductive growth of agricultural crops are
diverse and complex; (2) The number of crops varieties involved in agricultural
production is extremely huge. (3) Light conditions involve many properties such
as lighting spectrum, intensity, period, heat dissipating, and all these properties
need to be investigated and matched to crops growth conditions (Liu W. et al.,
2012). The combination of these three reasons has greatly increased the
complexity of LED photobiology research, as LED lights are still cutting-edge
and evolving technology, it is urgent for us to target a particular crop, focus on
the effects on plant growth and the photobiological mechanism behind it (Yang
Y. T. etal., 2010).

The crops from brassica family have attracted a lot of attention as they are rich
in beneficial phytochemicals (Anderson M. et al., 1985), such as broccoli
(Brassica oleracea var. italics), cabbage mustard (B. Oleracea var. ace-gala)
and pak choi (B. rapa ssp. chinensis) have been confirmed as rich source of
vitamin C, carotenoids, and minerals (Hanson P. et al., 2009). In Asia, pak
choi is one of the most widely eaten vegetables due to its rapid growth,
convenient management, and lower price. The technology of Brassica family
cultivation in facilities agriculture has been quite mature, but its growth under

artificial light, especially LED lights, has not been studied much. Based on the
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idea of expanding research scope and enriching plant varieties, we chose pak
choi as representatives of the Brassica family to carry out a series of research

in order to gain a deeper understanding of these wide varieties.

To further explore the regulation of genes on plant growth, transcriptome has
been developed to investigate the transcription and regulation at molecular
level. RNA-seq (RNA Sequencing), also known as Transcriptional Sequencing
technology, is using high-throughput sequencing technology to determine the
sequence of mMRNA, small RNA, and Non-coding RNA, for in-depth study of
transcriptional complexity (Luca V. et al., 2013). In order to explore the
mechanism of how light conditions impact plant growth, the experiment is to
adopt transcriptomic sequencing analysis detecting the target genes of which
impacting on the object plants' growth across different LED light recipes and

plant varieties.

1. 4 Objectives

In general, the LED light is currently a good choice as a commercial artificial
light source, with its prime advantage of photoelectric conversion efficiency and
the high applicability in the agricultural field, yet there are not enough accurate
or reliable study for a wide range of agricultural products (Kozai T., 2015).
Basing on the appropriate lighting conditions, other pressing studies
uncompleted also including the improvement of luminous energy, the
photosynthesis potential enhancement, and in-depth research on the
responding mechanism between plants and light quality.



The objective of this study is to identify the ideal LED lighting “Recipes” (which
includes lighting intensity and LED spectrum) for specific species and varieties,
by determining the physiological and transcriptome characterization, which

includes:

1). Submit a proper lighting recipe for commercial production by investigating
the effects of LED lighting recipes on pak choi growth between different growth

stages and varieties.

2). Investigate the effects of LED lighting on plants physiological reaction,
especially the photoreaction function, stomatal conductance, PS Il centre
reaction, photosynthetic rate, and root development, to explore the

physiological mechanism related to light conditions.

3). Using RNA-sequencing technique to determine essential genes that related
to higher efficiency of photosynthesis and good quality of the plant growth under

LED lighting recipes.
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Literature review



Chapter 2. Literature review

2. 1 Pak choi production and urban farming

Pak choi (Brassica rapa subsp. Chinensis), originate from China, now cultivated
worldwide especially in east Asia. The appearance showed as obovate and
20~30 cm long leaves, with the color as dark green (Figure 2.1). It is rich in
vitamins and minerals which helps to enhance the body's immune ability. Its
shallow root distribution leads to higher transpiration rate, which normally needs
higher air humidity and water content in soil, and because of its short growing
period, pak choi requires loose and fertile soil. It can be produced all year round,
but due to its cold tolerance, people often sow in autumn or winter to make use
of idle farmland. With suitable conditions, the growing period of pak choi is
generally 30 to 40 days, in winter it takes 100 days to harvest, and the yield per
hectare is 1200 to 1500 kilograms (Keck A. S. and Finely J. W. 2004).



Figure 2. 1 The appearance and characteristics of Pak choi (Brassica rapa subsp.

Chinensis)

At present, our traditional vegetable production is strongly affected by abnormal
weather, water deficiencies and land shortages. Due to the limited natural
resources, 90% of the global crop yields' growth is depending on higher
production efficiency (Francesco N. 2007). For example, the United Nations
predicted that nearly 70% of this population would be living in an urban
environment by 2030. In the UK, 90% of the population lives in towns or cities
(Sustainable Finance Geneva 2010). Consequently, to meet national food
demands, a large proportion of their food relies on importing from other
agriculture-oriented regions, including the ones with abundant natural
resources, but economically backward. In the case, the food supply requires
quantity and efficiency at the same time. Nearly 70% of the UK’s vegetable and
fruit supply comes from the EU and other countries and imported £8 bn of
vegetables in 2016 (FAO 2017). There is concern that as Brexit food imports
will become more expensive and there could be significant disruption to the
food supply chain. Further to this, greenhouse gas emissions through the
transportation of imported produce, as well as poor air quality in the UK is a

significant public health issue. Therefore, urban agriculture, as a feasible way
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to solve the contradiction between the concentration of labor force and less
available resource in cities, is getting more and more attention from national
governments. In Malaysia, the Agriculture and Agro-based Industry Minister
Datuk Seri Ahmad Shabery Cheek indicated that there are around 11,000 urban
farming communities around the country, and it aimed to create 20,000 urban
agricultural communities by 2020. It is considered to be a government initiative
program, to ensure a complete food supply chain and beef up food security in
the country (Seri N. N. K. and Hidayatul A. A. 2018). Also, urban agriculture can
precisely benefit low-income-countries by providing sufficient food, adequate
nutrients, and income generation, it has the potential to improve nutritional
security through direct availability of food in a cost-effective way (Golnaz R.,
Mad N. S., Zainalabidin M. 2015).

A typical urban agriculture model is vertical farming, which refers to a closed
multi-layer production system with supplemental conditions such as artificial
light, nutrient solution, temperature, and humidity control (Figure 2.2) (Kozai T.
2015). This indoor method with good air tightness and heat insulation, usually
presents highly observable, controllable, predictable, and repeatable
production capacity, and leads to maximum yield, higher quality, minimum input
of resources and minimum emission of environmental pollutants (Kozai T. 2015).
Compared with traditional agriculture model, the vertical farming, especially the
mode with artificial light, has the following advantages: (1) Dispense the crop
production with sunlight restriction, offering a wider range for agricultural site
selection; (2) Extricate the plant growth from external environment and soil
conditions; (3) Capable to achieve continuous production throughout whole
year, resulting the productivity close to 10 times of rural field production; (4)
Achieve high quality product by regulating the environment conditions
(especially the lighting condition); (5) Improve food safety by actively prevent
products from pesticides concern; (6) Guarantee swift and economical food

transportation by locating urban agriculture sites closer to city area; (7)The
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efficient utilization of resources can reduce environmental pollution (Kozal T. et
al., 2015).

Figure 2. 2 Typical vertical farming facility, Association For Vertical Farming,
launched in 2013, USA.

However, the urban agriculture’s downside is still a struggling obstacle: the
extremely high operation cost. In Japan’s commercial vertical farming, the
equipment depreciation (upfront investment), labor costs (or working time), and
electricity costs respectively accounts for 26%, 21% and 18% of its annual sales,
which caused only 30% of them can achieve profitability (ljichi H. 2018. Kozal
T. 2013). Among this, lighting electricity cost accounted for 75%~80 % of the
total electricity consumption (Kozai T. 2016). In order to improve the energy
utilization efficiency of lighting, we can either improve the photoelectric
conversion efficiency of artificial lights—the newest LED lamp can achieve 3
mol/J (Kozai T., Uraisami K., Kai K. et al., 2019); search better-suited varieties
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to artificial lights; or improve lighting conditions, including improved spectra,

intensity, and photoperiod, to intensify the photosynthetic efficiency.

2. 2 Artificial light sources and LED lighting system

The application of artificial light sources in cultivated plants has been more than
150 years and has gone through four stages: incandescent lamps, open arc
lighting, enclosed gas discharge lighting and Light-emitting diode (LED) solid-
state lighting. At present, the field of plant supplementation mainly uses
fluorescent lamps as artificial light sources. By changing the composition of the
phosphors, the peak range of the spectrum of the fluorescent lamps can be
changed, which is mainly distributed in the blue, green and yellow bands with
less red spectrum. The photoelectric conversion efficiency of fluorescent lamps
is about 20%, of which infrared consumption and thermal energy consumption
account for 30% and 40%, respectively, and lead to the temperature increase
of the lighting environment (Lin H., Wang B., Xu J. et al., 2014). Therefore, the
fluorescent lamp’s usage always requires additional cooling equipment, which
altogether further increases operating costs. This kind of heating illumination
also affects the fluorescent lamps light efficiency, resulting in problems such as
shortened life. On the other hand, unlike the adjustable light intensity and
photoperiod, the fluorescence spectrum is continuous and cannot be precisely
controlled to meet the needs of plants. Most of the inefficient bands cause
additional photon escaping, resulting in a decrease in light energy utilization
(Liu W., Yang Q., Wei L. 2012).
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LED light is a semiconductor component, the core portion is a wafer composed
of a p-type and an n-type semiconductor, and a transition layer between is
referred to as a p-n junction diode. As electrons pass through the wafer, the
negatively charged electrons move to and recombine with the positively
charged hole region, which producing photons. The more significant the energy
bandgap between electrons and holes, the higher the photon energy produced,
and the photon energy corresponds to the generated spectrum. The blue light
carries high energy, and the red light energy is relatively low. Different materials
have different energy bandgaps, which can emit different colors of light (Zhao
G.,PanY.etal., 2013).

LED has the following advantages compared with traditional artificial light
sources (Massa D., Kim H., Wheeler M. et al., 2008):

1) High light efficiency. The current white LED light efficiency has reached
220Im/w. In the future, the light efficiency of LED will surpass the existing
artificial light source has become a consensus. Compared with the currently
widely used fluorescent lamps, the efficacy of white LED can reach 5-8

times.

2) The spectral domain is narrow (Figure 2.3). The monochromatic light
emitted by the high-power LED has a spectral range of +50 nm. At present,
the peak wavelength of monochromatic LED has covered the visible light
band, and the appropriate wavelength band can be selected according to
fit plant photosynthesis and photomorphology, thereby improving the
absorption and utilization of light energy.
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3)

4)

5)

6)

Environmental friendly. LED is a semiconductor light source, which is free
from lead, mercury or other harmful substances compared with traditional

artificial light sources.

Cold working temperature. Appropriate light spectrum selection can avoid
the infrared and far-infrared bands and reduce the heat dissipation in the
illumination, thereby achieving close-range lighting to the plants, improving
space utilization, and reducing cooling costs, which is suitable for multi-tier

cultivation mode.

Long lifetime. At present, the theoretical lifetime of LED is more than 50,000
hours. It is much higher than traditional artificial light sources such as
fluorescent lamps, which can effectively reduce replacement and

maintenance costs.

Flexible. The principle of illumination of the LED light source can easily
meet different lighting requirements, including a more complex spectrum
and more varied lighting schemes, which can effectively meet diverse
plants’ need in different growth stages. It also brings more accurate results

and more possibilities for scientific research.
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Figure 2. 3 The spectrum and color temperature maps of LED lights for crops

growth

In conclusion, the LED light source is an ideal artificial light source for the
current urban farming/vertical farming system. Its characteristics can effectively
improve energy and space utilization and achieve more controllable growth and
development of plants through more precise lighting conditions. Simultaneously,
it can also effectively reduce running costs to bring considerable market

meanings, which positively affects promoting and forming urban agriculture.

2. 3 The role of LED lights in vegetable production

Light energy is the dominating force for plant growth, as the light signal can
induce biological development, photomorphogenesis, and the synthesis of
secondary metabolites. Plants can receive electromagnetic waves which are
between 280-800nm, and are especially sensitive to 400-700nm, which is
called photosynthetically active radiation (PAR) (Jenkins I., Long C., Wade K.
et al., 2001; Andreeva A. and Velitchkova M. 1998). Most of higher plants in
nature require more completed spectrum for growth (Piao X. C., 2002; Chen X.

L., Guo W. Zh. et al., 2014), but in commercial production the balance of cost-
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yield is considered as the main factor. LED lights utilize lower energy cost due
to their high photoelectric conversion efficiency. With the very narrow-band
monochromatic light they presented, we can investigate the effects of the
combined LED spectrum on plant growth and development at an acceptable

cost.

Different light receptors in plants can sense separate light conditions such as
intensity or wavelength. The absorption of chlorophyll is mainly dropped in red
and blue light, while the light receptors in plants are known into three main
categories: phytochrome is red - far red receptor; phytotropin and cryptochrome
are blue light receptors. Thus, the research about the effects of monochromatic
light was started with red and blue light (Huche-Thelier L. et al., 2016).

Red light is in the main chlorophyll absorption wavelength region, has
significant contribution to the growth of crops. It has been reported that, 3 days
before harvested, the lettuce with added 638 nm red light, 16 hours/day, 210
pmol/m2-s intensity, would present 28.50 % more total phenols content and
52.00% more soluble sugar content (Samuoliene G., Sirtautas R., Brazaityte A.
et al., 2012). Supplementary 13 hours/day, 100-105 ymol/m2-s intensity, 650
nm red light, can dramatically increase the content of lycopene in tomato fruit,
and significantly improves the sugar-acid ratio (Chen Q., Liu Q., Zhang K. et al.,
2009). In Arabidopsis, add 6% red light can significantly increase the growth
rate (Srinidhi V. et al., 2017).

Blue light is also in one of the main spectral absorption regions for

photosynthesis and plays an important role in plant morphogenesis and
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physiological metabolism. It has been reported that, blue light can significantly
inhibit the elongation of plant hypocotyl and shorten the length of internodes,
this result has been found in Arabidopsis Thaliana (Zhang Y., Yu Q. et al., 2017),
cucumber seedlings (Ma D. et al., 2016) and lettuce seedlings (Lee I. 2010).
Compared with the blank control, blue light treatment can significantly increase
the content of phenolic compounds and antioxidant capacity (FRAP) in pea
sprouts (Liu K. et al., 2016). With the increase of blue light intensity, the leaf

color of red lettuce became significantly deeper (Singh S. et al., 2017).

Compared with monochromatic lighting, the research of composite lighting
(“Lighting Recipe”) has been more concerned. Soluble sugar, as the primary
product from photosynthesis, is also the basic material of other metabolic
processes, and the glycolysis process it involved can provide the energy for
other synthesis of macromolecular compounds (Ma et al., 2010). Study has
shown that, the beet grew under composite LED light (red and blue) had the
highest sugar and starch content in root, compared with other monochromatic
lighting treatments (Singh et al., 2017). The reason about these different effects
of LED lighting recipes is that the spectrum can directly affect the accumulation
of carbohydrates, and it may induce the expression of relevant photoreceptors
in plants, to regulate the pathway of sucrose metabolizing enzyme, thus

accelerating the sugar synthesis (Feng X. et al., 2011).

And previous research on the LED lighting recipes has also showed remarkable
diversity between different species. Lin K. et al. (2013) reported hydroponically
grown lettuce treated by fluorescent lamp can provide higher biomass and
soluble sugar content compared with monochromic red or blue LED light, but Li
H. M. et al. (2013) reported that red and blue LED lights treatments had greater

effects on the yield of Brassica napus, compared with fluorescent lamp. Yang
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Y. T. et al. (2010) compared the ratio of red /blue LED light as 4:1, 6:1, 8:1, and
10:1, respectively for seedling growth in sweet potato and the results showed

that the 8:1ratio of red /blue light inhibited excessive growth, reduced plant

water content and increased root-shoot ratio. In contrast, Nhut D. T. et al. (2003)
reported the banana seedlings under 8:2 of red to blue ratio had higher shoot
and root fresh weight than those receiving other treatments. They also found
that under LED light with the 7:3 ratio of red/blue, the leaves number, root
number, root length, fresh weight and dry weight in strawberry seedling reached
the peak, and this remained after transplanting. These differences are mainly

caused by the differences of photoresponse between species and varieties.

2. 4 Effects of LED lights on photosynthesis

Light is one of the most critical environmental factors in crop production; it
actively participates and regulates plants' photosynthesis. Studies of
proposition have attracted many researchers, mainly found into following
aspects: (1) Light is the necessary condition for plant photosynthesis, which
provide the energy; (2) The synthesis of photosynthetic pigment needs the light
participation; (3) Light spectra, light intensity and light period can all affect the
stomatal movement; (4) Many crucial enzyme activities in photosynthesis

process were affected by light conditions.

The absorption of different light spectrum in plant photosynthesis process is not
similar. For example, Mccree K. et al., (1972) investigated 22 kinds of crops

under different environmental conditions (including temperature, carbon dioxide
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concentration and leaf orientation). The quantum yield curve results showed
the peak presented in red and blue light area, which indicated that red and blue
light is the most effective for photosynthesis. The reading of blue light is 30%
less than red light, which means red light is more effective at photosynthesis
than blue light (Mccree K. et al., 1972). Katsumi’s study came to the same
conclusion: some of the blue light was absorbed by beta-carotene, which
showed ineffective for photosynthesis. Thus, red light participates in
photosynthesis more effectively than blue light in production of photochemical
product (Katsumi |. 1976).

Kim et al. treated chrysanthemums with different LED light treatments, which
referred to 100% blue light, 100% red light, 50% red light +50% blue light, 50%
blue light +50% far-red light, 50% red light +50% far-red light, compared with
fluorescent lamps as control. The results showed that the net photosynthetic
rate was the highest under the treatment of 50% red light + 50% blue, and the
lowest under 50% blue light and 50% blue light + 50% far-red (Kim H. H. et al.,
2004). As an essential factor affecting photosynthesis, light intensity was also
explored by researchers. Johkan et al., (2012) treated red lettuce under
different light intensity (100PPFD, 200PPFD and 300PPFD) and different
spectrum (510nm, 520nm and 530nm), and the results showed that the
photosynthetic rate increased with the light intensity increasing and showed the
highest reading at 510nm under all three intensity (Johkan M. et al.,2012).
Muneer et al., (2014) treated lettuce with six changed intensity and spectrum
LED lights: 70 pmol /m?s and 180 umol /m?s green lights, 88 umol /m?s and
238 pmol /m?s red lights, 80 umol /m2s and 238 pmol /m?s blue lights,
respectively. The results showed that the net photosynthetic rate presented the
highest reading under 238 pmol /m?s blue light treatment. Under the same
spectrum (green light), the net photosynthetic rate with high light intensity (180
umol /m?s) was significantly higher than that with low light intensity (70 pmol

/m?s) (Muneer S. et al., 2014).
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2. 5 Effects of LED lights on chlorophyll fluorescence

The photosynthesis in leaf can be roughly divided into photoreactions and dark
reactions, which refers to photolysis of water for ATP synthesis, and the fixation
of carbon dioxide and the reduction of C3 compounds. (Frechette E. et al.,
2016). The history of the chlorophyll fluorescence kinetics phenomenon is more
than 80 years since Kautsky and Hirsch first observed with naked eye in 1931.
However, the application of chlorophyll fluorescence kinetics as a technique for
photosynthesis research has been the case for only about 30 years (Zhang S.
R. 1999). To unravel the kinetics steps, the chlorophyll molecule's main
structure is a porphyrin ring centered on Mg, which formulate a ring-mounted
carbon skeleton structure that possesses the property of light absorption. Once
the chlorophyll molecule located on the thylakoid membrane absorbs light, Mg's
electrons undergo a transition and generally, the energy of one photon will only
cause one-time electron transition. This high-energy electron will pass through
the chlorophyll molecules until the receptor located at the founded
photoreaction center and the energy be transferred out. The energy that is not
delivered smoothly will be emitted in the form of heat and fluorescence
(Christopher G. et al., 2017). The relationship between the three processes can

be shown as:

Fluorescence + heat + photochemistry = 1

Thus, for estimating the number of electrons used for photosynthesis, the
varying lighting conditions were used to stimulate different closure level of the

photoreaction center (Photosystem Il), to obtain the amount of fluorescence
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yields in various states, for calculating the actual electrons usage in
photochemical reactions (Maxwell K. and Johnson G., 2000). The chlorophyll
fluorescence kinetics technique has a unique role to detect light system
absorption, transmission, dissipation, and distribution during photosynthesis.
(Genty B. et al., 1989; Schreiber U. et al., 1994).

The parameter Fv/Fm was measured after dark adapted, with this condition the

PS Il (Photosystem IlI) was fully opened, showing us the maximal PS Il

efficiency. Generally speaking, this parameter changes insignificantly, only
decreased if the plant is under stress conditions. Meanwhile F\'/Fm’ is measured
without dark adapted, and PhiPS2 showed the actual photochemical efficiency
of PS Il in the light. Zhou J. et al., (2014) reported that the Fv/Fm of tissue
cultured Anoectochilus roxburghii under blue light treatment was higher, while
those under red light treatment be found relatively low. Wen J. et al., (2016)
compared the development of Dendrobium officinale under various lighting set,
including red light, blue light, yellow light, red + blue light, and red + blue +
yellow light treatments. The results for the experiment indicated the fact that
only the red + blue brings to the most positive impact to plants energy
absorption, transformation, transmission, distribution, and the dissipation of PS
II reaction. Xu K. et al. (2005) also indicated that Fv/Fm and PhiPS2 values of
cucumber seedlings were significantly higher under the red + blue LED lights

cultivating condition.
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2. 6 Light-harvesting complex and signal transduction in

photoreceptors

In higher plants, photosynthesis mainly occurs in the thylakoid membrane of
chloroplasts, with four primary types of membrane protein complexes:
photosystem II, photosystem |, b6/f complex and ATPase complex. The light-
harvesting complex is mainly distributed in PSII and PSI. Its principal function
embodies four aspects: capturing and transmitting light energy, light protection
maintaining the thylakoid membrane structure. The peripheral light-harvesting
antenna in PSII (LHClla, LHCIIb, LHCIIc and LHCIId) is the leading research
object as most energy source comes from LHCIIb, and its chlorophyll content
accounts for 50% of the total pigment on the thylakoid membrane. In the plant
leaves adapted to low light intensity conditions, the peripheral photosystem Il
complex combines two main light-harvesting complexes LHCII (divided into S-
LHCII and M-LHCII according to the affinity) and three minor light-harvesting
complexes: CP29, CP26 and CP24. These light-harvesting complexes are
combined with the photosystem Il to form a C2S2M2 super complex, which
enables efficient capture of light energy and energy conversion under low light
conditions (Su X. D. et al., 2017). While under strong light conditions, plants
need to dissipate excess energy to protect photosynthetic organs from damage.
The most important one is non-photochemical quenching that relies on proton
gradients, always accompanied by aggregation of LHCII as the main site, which
adjusts the absorption and transmission of excitation energy (Heijde M. and
Ulm R., 2012). The plants sense light signals through different photoreceptors
and then regulate various plant growth and development responses by
corresponding signalling pathways. Five kinds of photoreceptors are founded
with distinctive functions, listed as following: The phytochrome can sense red
or far-red light from 600nm to 750nm; the cryptochromes can sense blue light
and UV-A from 320nm to 500nm; the phototropin can also sense blue light, but

mainly regulates the plant phototropism, chloroplast movement and seedling
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growth. The UV-B and blue-green photoreceptor still require further study (Ma,
D. 2007; Cashmore A. R. et al., 1999; Liscum E. and Briggs W. R. 1995;
Kagawa T. et al., 2001; Somers D. E. et al., 2000; Jenkins G. |. 2009; Heijde M.
and Ulm R. 2012).

The phytochrome is a hemispherical photoreceptor (Vierstra R. D. and Zhang
J. 2011). There are two main types: a chemically stable red light absorbing type
(red absorbing form, Pr) that can transform into an active far red absorbing type
(far-red absorbing form, Pfr) after sensing the light signal, and Pfr can be
degraded to Pr after ubiquitination (Casal J. J. 2013). The apoprotein of
phytochrome is encoded by the genes of PHYTOCHROME A (PHYA), PHYB
and PHYC (Mathews S. 2006), and PHYB is the most important type of
photoreceptor. The PHYB in Arabidopsis can sense the shading conditions and
affect the morphological construction of the plant, including the elongation of
stems and petioles, the establishment of apical dominance and the generation
of erect leaves (Ballare C. L. 2009). On the other hand, PHYA is considered to
be a good photoreceptor that responds to changes in irradiance, as Yanovsky
et al., 1995 reported that PHYA played the vital role in light-dark formation of

Arabidopsis seedlings when affected by low light stress.

Cryptochrome is classified into three species in Arabidopsis: CRY1, CRY2 and
CRY3 (Lin C. et al.,, 1996). Members of the CRY gene family are species-
specific, such as tobacco (Nicotiana tabacum) and rice (Oryza sativa) have two
CRY1-like family members (Perrotta G. et al., 2000), while pea (Pisum sativum)
has two CRY2 family members (Platten J. D. et al., 2005). At the same time,
the effect of blue light on CRY gene expression is also species-specific, the
CRY2b gene in peas is significantly down-regulated after blue light treatment,

while the expression level of CRY1 in rapeseed (Brassica napus) is significantly
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up-regulated (Platten J. D. et al., 2005).

The phototropin is a type of serine/threonine protease that is activated by blue
light and UV-A (Christie J. M. 2007). There are two different types of phototropin
in Arabidopsis, PHOT1 and PHOTZ2, both located in the plasma membrane,
which are detached from the plasma membrane after activation by UV-A and
blue light and induce signal transduction after binding to the target protein
(Casal J. J. 2013). The gene expression of PHOT receives blue light regulation,
which can promote the expression of PHOT2 and inhibits the expression of
PHOT1 (Labuz J. et al. 2012). PHOT is involved in the photosynthetic
performance of plants and chlorophyll accumulation and stomatal opening in
Arabidopsis (Esmon C. A. et al. 2006; Ma L. et al. 2011).

When the plant senses the light signal, it prime activates photoreceptor proteins’
expression to respond to different wavelengths of light (PHY, CRY, UVRS, etc).
These photoreceptor proteins later physically interact with the negatively
regulated COP1 protein, and the number of upstream photoreceptor proteins
increasing leads to the increasing in consumption of COP1, which hinders the
degradation of proteins such as HY5, HFR1 and LAF1, promotes their
accumulation, thereby regulating downstream structural genes and affecting
the photomorphogenesis of plants (Lau O. S. and Deng X. W. 2012; Stracke R.
et al., 2010).
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2. 7 Using transcriptome to investigate the effects of LED on

plant growth

At present, research on light-harvesting and light signaling pathways is mainly
concentrated in the model plant Arabidopsis thaliana. In order to expand the
diversity of plant samples, the Brassica rapa as a representative of the origin
Brassica genome has big potential to be a model of genomic research for its
family (Chaobo T. 2013). Although the light regulations of photosynthesis with
enzymatic properties of individual enzymes are well studied, a fundamental
regulatory mechanism at large scale gene expression mapping is still very
limited. However, the publication of Brassica rapa Chiifu-401-42 whole genome
in 2011 gave us a great opportunity to further identify and investigate the
comprehensive transcriptome characteristic on a genome-wide scale (Wang X.
et al. 2011).

In additions, the novel High-throughput RNA sequencing technology has
become effective to genomic research. With millions of generated cDNA reads
from experiments, RNA-seq approach is capable to provide genome-scale
transcriptional profiling, benefiting the transcriptome’s comprehensive analysis
with plenty of superiority. To be specific, first, RNA-seq will quantify the gene
expression level, especially it can sensitively detect low expressed genes
(Mortazavi A. 2008). Second, it will allow the researchers to improve gene
annotations, to discover novel genes and transcripts by extending
transcriptional boundaries (Ozsolak F. 2011). Third, RNA-seq will be able to
identify gene function and regulation by further gene regulatory network
analysis and survey alternative splicing (AS) events on single nucleotide
resolution and other transgenic approaches (Wilhelm B. T. 2008) (Figure 2.1).
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Figure 2.4 The technological process of High-throughput RNA sequencing

With these benefits, RNA-seq is qualified to be an ideal research approach for
investigating plant changing transcriptional response to the diverse lighting
conditions. Mehmet T. et al. (2016) used RNA-seq to detect the regulation of
red and blue light on cellular functions, cell division, and cell repair processes
in red alga. Chunxia L. et al. (2017) also adopted RNA-seq to provide integrated
insights of chlorophyll synthesis, chloroplast development and carbohydrates
assimilation in grape plantlets being treated by blue, green and red LED lights.
With a large number of genes been detected to participate the metabolic
pathways of glucan, starch and sucrose, while up/down-regulated by different
LED treatments. The observation may unravel some fact of how the grapes’
nutrition level increase under certain LED light spectra. With the genetic
mechanisms analysis of Norway spruce seedling treated by different light
spectrum, Ouyang F. et al. (2015) found that the red light may improve stem
growth by promoting the biosynthesis of gibberellic acids, and the blue light may
promote the tolerance by increasing the content of flavonoid, phenylpropanoids
and other secondary metabolite, which consequently reduce the primary
metabolites.
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Chapter 3: Materials and Methods

3. 1 Experimental Sites

Due to the Split-site project proposal, the experiments were running in two
campuses of the University of Nottingham: the experiments in UK campus were
conducted in BO5 lab, Gateway Building, Sutton Bonington campus, and the
experiments in Malaysia campus were conducted in Crops for the Future
Research Centre lab. All experiments were performed in closed growth

chamber.

3. 2 Materials

The tomato (Solanum. Lycopersicum) and pak choi (Brassica rapa, Chinensis,
Green revolution F1) was chosen for the UK campus experiments. Also, there
were four varieties of pak choi selected for the experiments in the Malaysia
campus, which were 802 Bushido and Kungfu 2, supplied by Green World
Genetics; 702 Warrior and Green Hill, supplied by Leckat Seeds. The selected
varieties were all commonly consumed in their region. The seeds were stored

a 4 °C fridge in sealed containers to keep cold and dark.
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3. 3 Preliminary experiment

The preliminary experiments were conducted after the lighting devices installed
to test the device’s function. Pak choi and tomato were germinated under LED
and fluorescent lights. while the seeds were sowed in the whole tray with each
plug containing three seeds, then followed the methods described in section
3.4 and 3.5. After seven days of germination, the stability of LED lighting
devices was confirmed as no obvious faults observed, the PPFD was stable,
and the adjustable light recipe can be functioning. Also, the seedling of pak choi

and tomato were calculated for germination rate.

3. 4 Nursery management

The preliminary experiments had shown us that the pak choi seeds performed
the semblable reaction to disparate lighting during their germination. To avoid
further error between the samples, all germination process was accomplished
under fluorescent lamp, with the seeds be sown in the whole tray, covering
plastic wrap to reduce water transpiration. Levington M3 High Nutrient Potting
Compost (Everris) was chosen for all growth stage substrate, showed as Figure
3.1. As following, only the sprout with the best growing status chooses retained
after being germinated, maintaining one seedling in each slot. Growth
conditions in this experiment as temperature, CO2 concentration and relative
humidity were controlled by STS Refrigeration System (Storage Technology
Solutions Ltd), with set data as 12 hours lighting length, 12 hours dark cycle
with the temperature of 24 °C for daytime and 20 °C for dark time.
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Figure 3. 1 A The first day of germination and B the 6th day of germination (Pak
choi).

3. 5 Plant establishment

After 6 days of germination, the healthy seedlings were transplanted in to 10cm
diameter pot filled with potting compost (Levington M3 High Nutrient). Due to
the limited space under LED panel, each treatment had 6 pots as 6 replicates.
All pots were placed in tray and irrigated every day for 30 days (Figure 3.2). In
the circumscribed growth scope, the plants were clockwise rotated every day
to ensure balanced and unified light absorption. For tomato’s growth, its plant
height was higher than other leafy vegetables, so the distance between the
plants and LED lighting panels were adjusted longer. 5 days as a routine, it
should be checked that the highest point of tomato canopy was receiving the

same photosynthetic photon flux density (PPFD) as others.
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Figure 3. 2 The pak choi samples after transplanting. The place of each pot was

clockwise switched every day to make sure the light distribution was uniform.

As all experiments were processed in closed environment, there were no
pesticide or chemical sprayed. Also due to the short growth period of pak choi
and rich nutrition in the substrate, there were no additional fertilizer added

during the experiment.

3. 6 Light treatments

For the experiments in UK campus, two artificial lighting systems were used:
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1) Fluorescent light panel, assembled by 6 fluorescent tubes (54 wattage per

tube), supplied by Unigro Fluorescent Lamp, light model 12/6N.

2) LED light panel, each panel contained ten tubes (PHILIPS Green power
research module), with selected wavelength: deep red (650nm~670nm, ten
wattages); blue (455nm~485nm, 14 wattages) and far-red (725nm~750nm,

ten wattages), each tube refers to on kind of single light.

The spectrum scanning of each tube wavelength has shown in Figure 3.3. The
peak of the blue light wavelength was at 452nm, and the peak of the red light
wavelength was at 658nm. The wavelength of fluorescent lamp sets mainly

refers to orange light (610nm), green light (553nm), and blue light (439nm).
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Figure 3. 3 The spectrum scanning of light source wavelength. Effective

measurement range is from 350nm to 900 nm.
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From preliminary experiments, the intensity was chosen as 130umol/m?s.
However, the Fluorescent lamp was unable to change the intensity. Thus, the
PPFD was controlled by changing the distance between the lamp and the plants,
which was 31.2cm. The PPFD was measured by Skye Instruments spectra
sense RS 232.

The “Light recipe” of LED lighting, which refers to the PPFD and ratio between
red/blue/far-red light from each LED panel, was adjusted by control units
designed and made by Manor Maintenance Electrical Services Ltd, UK. Each
LED panel contained ten tubes as one chamber and sealed by a plastic sheet

to avoid light contamination from others (Figure 3.4).
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Figure 3. 4 A: Single LED lighting panel, with 10 tubes from left to right: red, red,
blue, red, red, far-red, red, blue, red, red, respectively. B: The full view of LED

lighting chamber, the sheet was opened for watering.

With controlled lighting units, the light recipes have been used for different

experiments:

Experiment 1: Effect of LED light intensity on growth and yield of pak choi
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The pak choi was grown under LED lighting for 30 days compared with
fluorescent lamp treatment with six replicates. The lighting recipes of LED
treatments were set as red/blue: 70% / 30% and changed light intensity from
100 to 200 pmol/m?s, detail showed in Table 3.1.

Table 3. 1 The different LED intensity treatments used in experiment 2.

Treatment Recipe (Red : Blue) Intensity(umol/m?2s)
CK / 200
Recipe H (High intensity) 70% / 30% 200
Recipe M (Medium intensity) 70% / 30% 150
Recipe L (Low intensity) 70% / 30% 100

Experiment 2: Effects of LED recipes on growth and yield of pak choi and

tomato

The pak choi and tomato were grown under different LED lighting recipes for
30 days with six replicates. The establishment of tomato growth was following
the same procedures in section 3.4-3.5. The fluorescent lamp was used as a
control (CK). As the space of the growth chamber was limited, we had to reduce
the intensity to make sure that the canopy of the tomato can receive balanced
PPFD. The intensity was set to 103 umol/m?s, pak choi and tomato were grown

under different LED recipes shown in Table 3. 2.
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Table 3. 2 LED recipes used in experiments 2

Treatment Red light proportion (%) Blue light proportion (%)
CK / /

Recipe 1 100 0

Recipe 2 77 23

Recipe 3 73 27

Recipe 4 70 30

Recipe 5 62 38

Recipe 6 0 100

Experiment 3: Growth and yield of Malaysian pak choi varieties grown

under fixed LED recipes

There were four Malaysian common varieties chosen for this experiment: 802
Bushido, Kungfu 2, 702 Warrior and Green Hill, which were all F1 hybrid dwarf
pak choi varieties. The experiment was conducted in A1000-Growth chamber,
Conviron, supplied by Crops For the Future research centre. In order to ensure
the samples were processed under controllable conditions, the experiment was
conducted into two chambers, with fluorescent light treatment and fixed LED
spectrum, respectively, each treatment has 3 replicates. The LED panel in this
experiment contained 3 tubes, refers to red, blue, and red, orderly. Total PPFD
was set to 130 ymol/m?s by changing the distance between lamp and plants,

and the ratio of red/blue was set to 7/3, showed in Figure 3. 5
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Figure 3. 5 Selected samples of four varieties were transferred to different light

treatments. A: the fixed LED light treatment and B: the fluorescent light treatment

as control.
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3. 7 Data collection

3. 7. 1 Plant height

The length of the main stem of pak choi was considered plant height. It was
measured every three days after transplanting. The hypocotyl was considered
plant height for the early-stage experiments where the stem not sufficiently

developed.

3. 7. 2 Leaf traits

The leaf number was measured every three days after transplanting. Every leaf
that was fully unfolded from the shoot was counted. After 30 days, the samples
were harvested by secateur; all leaves were cut and cleaned, measured by Li-
cor Model 3100 area meter for leaf area. As the petiole of pak choi was fully
developed and considered an edible part, it was also covered in the

measurements.

3.7.3 SPAD and ACI measurement
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The 3™ fully expanded leaf was used for chlorophyll (SPAD meter) and
anthocyanin (ACl) measurements. As the third leaf was the first developed one
after transplanting, it has been considered a suitable leaf for measurements
(Erik H. M. et al., 2005). It was recorded as an average of six measurements
by SPAD-502 chlorophyll meter (Konica Minolta, UK) and ACI meter, which
measures the absorption of wavelengths corresponding to chlorophyll and

anthocyanin, considered as the relative content.

3. 7. 4 Chlorophyll concentration

The Post-harvest chlorophyll content was detected with acetone extraction:
Using 0.1g actual leaf sample and cut to strips, put into 10ml of 80% acetone
for 24 hours extraction under dark (vibrated every 6 hours), then measured the
absorbency by spectrophotometer (CE 2041, CECIL) with 645nm, 663nm and
470nm as A645, A663 and A470. The Arnon formula could calculate the

chlorophyll concentration (mg/L):

Chlorophyll a concentration: Ca=12.7(A663) - 2.59(A645);
Chlorophyll b concentration: Co= 22.9(A645) - 4.67(A664);
Carotenoid concentration: Cc= (1000(A470) - 3.72Ca-104Cb)/229

Total chlorophyll concentration: Ci= Ca+Cp
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3. 7. 5 Fresh weight (yield) and dry weight

After 30 days of the growth, the fresh sample was harvested, overground parts
were cleaned with water and air-dried. The fresh weight was weighting by
Mettler Toledo XS6002S electronic scales. All the samples were dried in an

oven at 65 °C for 48 h for dry matter measurements.

3. 7. 6 Root morphology

The roots of pak choi were soaked in water for 30 mins, then removed all the
soil and scanned by EPSON Flatbed Scanner. WinRhizo 2013e analysed the
root structure image, including total root length, total surface area, average

diameter, total root volume, and the number of tips, forks and crossing.

3. 7. 7 Gas exchange and chlorophyll fluorescence

The photosynthetic physiology was measured by Li-6400XT Infra-Red gas
analyser (IRGA) (Licor Biosciences, USA), which included maximum
photosynthetic rate, stomatal conductance and chlorophyll fluorescence. The
measurements started after 1-hour light activation on the leaves in the morning,

the flow rate was set to 400 umol/s, leaf temperature within the Licor unit was
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set to 25 degrees. The fluorescence measurement setting has been shown in
Table 3.3.

After light-adapted measurements, the measured leaves were marked and
covered by foil for 50 mins dark adaption, to ensure that all photosystem Il in
the chlorophyll molecules is oxidised. Then carefully remove the foil for
chlorophyll fluorescence measurements under dark. The setting has been

shown in Table 3.4.

All measurements were taken from the 3™ fully expanded leaf, the leaves were
exposed in the Licor unit for a minimum of 5 minutes to make sure stabilise the

readings.
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Table 3. 3 Chlorophyll fluorescence measurements setting for light adapted

measurements

Intensity 5

Measurements Modulation >0 kHz
Filter 1
Gain 10
Duration 08s
Intensity 8

Flash Blue No change
Modulation >0 kHz
Filter 50 kHz

Table 3. 4 Chlorophyll fluorescence measurements setting for dark adapted

measurements

Intensity 1

Measurements Modulation 0.25 kHz
Filter 1
Gain 10
Duration 0.8s
Intensity 600

Flash Blue No change
Modulation >0 kHz
Filter 50 kHz
Duration 6s
Far red intensity 8

Dark Far red per time 1s
Far red post time 1s
Modulation 0.25 kHz
Filter 1Hz
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3. 8 RNA extraction and RNA sequencing

3. 8. 1 Sample collection and RNA isolation

After harvesting the pak choi, the fresh leaves were collected and immediately
frozen in liquid nitrogen. Samples from each treatment were prepared as three

replicates: 100% blue LED light treatments (B1, B2, BN), 100% red LED light

treatments (R1, R2, RN), 70% red / 30% blue LED light treatments (M1, M2,
MN) and fluorescent light treatments as control (CK1, CK2, CKN). Total RNA
was isolated and extracted by TRIzol reagent (Invitrogen Scientific, Inc., USA)
and Qiagen RNEasy (RNeasy Mini Kit, Qiagen, USA), as the leaves of pak choi
are covered by wax, which makes the samples inadequately touched by the
reagent. Thus, the procedure was modified; see details in appendix 1. The RNA
integrity was confirmed by using the 1% Agarose gel electrophotometer. The
NanoDrop micro-ultraviolet-visible spectrophotometer and Agilent Bioanalyzer
(Agilent Technologies, Inc., USA) were used to quantify the total RNA content

and determine its quality.

3. 8. 2 RNA sequencing and reads alignment

The mRNA obtained from total RNA was isolated and converted to cDNA and

amplified by PCR according to the lllumina RNA-seq protocol (lllumina, Inc.,
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USA). Sequence reads were generated using lllumina NextSeq500 at the Deep

Seq Centre for Genetics and Genomics, The University of Nottingham.

Afterwards, CLC Genomics Workbench 8.0 was used for normalization (PCA
for RNA-seq, Differential Expression for RNA-Seq) by TMM (trimmed mean of
M values) method of Robinson and Oshlack, 2010:

https.//genomebiology.biomedcentral.com/articles/10.1186/gb-2010-11-3-r25

Ultimately, the sample genes were mapped to the reference genome.

Parameter used as Table 3. 5.

3.9 Statistical analysis

The collected data were analysed using variance procedure (ANOVA) of two-
way ANOVA in a completely randomized design (CRD) experiment. The
significant difference between the treatments was analysed using Tukey’s and
Duncan test for mean separation, and the P-value of <0.05 was consider
significant. In gene expression, RPKM and log2 fold-change was used to

present expression level.
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Table 3. 5 The mapping parameter with

CLC Genomics Workbench 8.0

Reference sequence

BrapaFPsc 277 _v1 (Genome)

Gene track

BrapaFPsc 277 v1.3
gene. gff3_Gene

mMRNA track

BrapaFPsc 277 v1.3
gene_exons. gff3_mRNA

Mapping type

Also map to inter-genic regions

Mismatch cost

2

Insertion cost 3
Deletion cost 3
Length fraction 0.8
Similarity fraction 0.8
Global alignment No
Auto-detect paired distances Yes
Strand specific Both
Maximum number of hits for a read 10
Count paired reads as two No

Expression value

Total counts

Calculate RPKM for genes without No
transcripts

Create report Yes
Create list of unmapped reads Yes
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Chapter 4: Results

4.1 The physiological responses and LED lighting recipes

optimizing

The purpose of Section 4.1 is to identify the physiological responses of the
different experimental subject against diversified LED lighting recipes, explicitly
are the changed lighting wavelength and intensity for different species at
different growth stages. Most higher plants in nature require a much complete
spectrum for growth (Piao, 2002; Chen et al., 2014), but the balance of cost
and yield is the main factor considered in commercial production. LED lights
can operate with more economical energy cost due to their high photoelectric
conversion efficiency. Additionally, they can provide very narrow-band
monochromatic light that allows us to investigate the effects of the combined

LED spectrum on plant growth and development with acceptable cost.

4.1.1 Phenotypic analysis among different species, yield and

yield components

Generally speaking, the LED-lighting recipes analysing should be processed
with three perspectives: the spectrum (the ratio between different wavelengths),
the intensity and the lighting duration. Significantly, the spectrum and intensity
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are the key factors for manipulating plants yield through photosynthesis
controlling. By observing and comparing a plant's lighting condition with the
yield components and morphology features, we could learn to achieve a precise
production with subtle adjustments. The investigation was conducted in tomato:
represented perennial herbaceous plant with more fully developed stem and
canopy structure (Table 4. 1. 1); lettuce: with dwarf and heading leaf
development (Table 4. 1. 2); and pak choi: dwarf structure from Cruciferae

family with the potential to become future model crops (Table 4. 1. 3).

Table 4. 1. 1 The physiological features of post-harvest tomato seedling, treated by

different LED lighting recipes, compared with fluorescent treatment as control (CK).

Treatment Plant height Fresh matter (g) Dry matter (g)  Leaf area (cm?)

(Recipes) (mm)
CK 200.324+6.92d 18.13+0.42b 3.224+1.26b 20.36+1.78a
Recipe 1 311.0418.23a 13.53+1.37d 2.26+0.33c 15.36+3.06c
Recipe 2 293.71+7.11a 15.61+1.89c 2.37+0.44c 14.98+4.25¢c
Recipe 3 268.02+4.54b 19.541+2.42a 4.05+0.26a 20.81+1.81a
Recipe 4 264.54+7.93b 17.73+2.65b 3.141£0.15b 17.91+0.98b
Recipe 5 258.73+6.42b 16.77+1.24c 2.64+0.16¢ 13.17+2.78d
Recipe 6 254.21+2 14c 13.42+0.46d 1.89+0.21d 13.57+2.56d

*Within a column, means followed by different letters are significantly different at
p=<0.05, n=3; values after + are standard deviation values. Recipe1=100% red:
0%blue; Recipe 2=77% red: 23% blue; Recipe 3=73% red: 27% blue; Recipe 4=70%
red: 30% blue; Recipe 5=62% red: 38% blue; Recipe 6=0% red: 100% blue; CK:

Fluorescent lamp.

The tomato seedling showed sensitive reaction to the changed LED recipes. In
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particular, the morphology was significantly (P<0.05) regulated. All LED
treatments showed higher plant height compared with CK, and this decreased
with the increasing proportion of blue light. This indicated that the blue light
showed negative effects on stem elongation. On the other hand, although the
CK had the lowest plant height, it showed positive results in both fresh matter,
dry matter and leaf area (Table 4. 1. 1) From external formation of canopy it
was observed that tomato grown under fluorescent lamp presented pyramidal
structure and the LED treatments tend to show a cylindrical structure that

appeared to be fragile and exhibit lower potential for later growth (Figure 4. 1.

1).

Figure 4. 1. 1 The canopy of tomato seedlings under different treatments. From left

to right refers to CK, recipe 1, recipe 4 and recipe 6, respectively. The recipe 6 as

100% blue proportion showed strong stress to tomato seedling.

50



Among the LED treatments, recipe 3 indicated the dramatically increased fresh
matter, dry matter and leaf area compared with the others. Recipe 1
(monochromic red light) and recipe 6 (monochromic blue light) significantly
(P<0.05) stressed the tomato growth as a rapidly decreasing in the total yield.
An opposite tendency between plant height and biomass from CK was
observed, suggesting that the full-scaled spectrum had a positive effect on plant
morphology. In general, with relatively lower light intensity, the LED recipes as
fragmentary spectrum had further stressed tomato growth as negative
accumulation results had been observed compared to CK. Although specific
red/blue ratios can alleviate light stress, it still caused spindly growth and

showed a lack of development and flourishment.

Table 4. 1. 2 The post-harvested lettuce physiological features which were treated

by changed red/blue ratio for 30 days

'{IrQeea;r;eeg)t Pla?rtnrr\T(]e)ight Fresh matter (g) Dry matter (g) Leaf area (cm?)
CK 4.35+0.02b 14.525+0.17a 0.92+0.01b 27.43+1.03a
Recipe 1 4.52+0.01b 12.045+0.27¢c 0.751£0.01c 22.13 +0.88c
Recipe 2 4.55+0.05b 13.346+0.18b 0.89+0.02b 26.97+1.59a
Recipe 3 4.47+0.02b 14.569+0.18a 1.15+0.01a 28.11 £2.78a
Recipe 4 4.65+0.01b 13.532+0.14b 0.911£0.02b 27.36% 1.68a
Recipe 5 4.52+0.04b 13.362+0.23b 0.87+0.01b 27.76 £1.56a
Recipe 6 5.35+0.08a 13.574+0.13b 0.7610.02c 24.43 +0.83b

*Within a column, means followed by different letters are significantly different at P

<0.05, n=3; values after + are standard deviation values. Recipe1=100% red:
0%blue; Recipe 2=77% red: 23% blue; Recipe 3=73% red: 27% blue; Recipe 4=70%
red: 30% blue; Recipe 5=62% red: 38% blue; Recipe 6=0% red: 100% blue; CK:

Fluorescent lamp.
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Lettuce showed a stressed response against LED treatment as well; recipe 1

refers to the monochromatic red light that had strongly reduced fresh matter to
64% compared with recipe 3. However, recipe 3 revealed a positive effect on
biomass compared to CK, the dry matter was increased by 26% while no
significant difference in the fresh matter was observed. As a consequence, this
fact beneficially resulting in accumulation and water use efficiency. The
monochromatic blue light was extremely positive associated with lettuce height,
which increased around 15%~19% instead of other treatments. Yet, in terms of
the leaf area, a negative response was fund, indicating the evitable role that
blue light is playing in the stem elongation. Generally speaking, lettuce showed
a similar tendency compared with tomato, the accumulation was stressed at
different levels by LED recipes. Only, the blue light had the opposite effect on
stem elongation, as the tomato height was inhibited by increasing blue

proportion. Whereas the 100% blue light promoted the stem height of lettuce.
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Table 4. 1. 3 The post-harvested pak choi physiological features when grew under

different red/blue ratio for 30days

Treatment Plant height
(Recipes) (mm)

CK 5.24+0.05d 13.421+0.0.043e  1.047+0.075c 26.154 +1.052¢c
Recipe 1 6.61+0.06b 15.290+0.062d 0.980+0.041c 26.516 +0.768¢c
Recipe 2 6.72+0.05b 15.784+0.088d 1.117+0.041ab  27.453 +0.221b
Recipe 3 6.74+0.15b 15.691+0.030d 1.237+0.026b  29.840 +0.598a
Recipe 4 6.17+0,10c 19.077+0.403a 1.434+£0.009a  27.565% 0.431b
Recipe 5 6.12+0.04c 16.884+0.706¢ 1.217+0.013a  27.951 +0.521b
Recipe 6 7.21£0.08a 18.328+0.684b 1.008+£0.027c  24.537 +0.831d

Fresh matter (g) Dry matter (g)  Leaf area (cm2)

*Within a column, means followed by different letters are significantly different at P
<0.05, n=3; values after + are standard deviation values. Recipe1=100% red:
0%blue; Recipe 2=77% red: 23% blue; Recipe 3=73% red: 27% blue; Recipe 4=70%
red: 30% blue; Recipe 5=62% red: 38% blue; Recipe 6=0% red: 100% blue; CK:
Fluorescent lamp.

Compared with CK, the LED treatment benefit the pak choi yield significantly

(P<0.05), as well as the plant’s other respective, including height, fresh matter,

and dry matter. Unlike other species, pak choi demonstrated a vigorous

response to recipe 4, the fresh matter augmented by 42% compared with CK,
and 13%~24% increase compared with other LED recipes. It had been
observed that blue light proportion increased from 27% to 30%, accompanied
by the fresh matter advent to 21%, and there was no significant difference once
blue light changed to 100%. However, the dry matter of recipe 3 was 23% higher
than recipe 6, indicating that monochromatic blue light helped generating the
water content in leafy vegetables; relatively the monochromatic red light works

on promoting leaf expanding. In generally consideration, pak choi showed
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positive reaction to LED treatments, particularly recipe 4 that conduced
prominent (P<0.05) accumulation improvement and leaf expansion. The
monochromatic blue light showed negative phenotypic effect in fresh matter
and dry matter compared with recipe 4 but exhibited conspicuous elongation in
stem and hypocotyl leading to spindling growth when treated by recipe 6 (Figure
4.1.2).

Figure 4. 1. 2 The extremely extended petiole of pak choi (from 13mm to 42mm)
under 100% blue light treatments. From left to right the treatments refer to 27%,
30%, 38% and 100% blue light

It has also been noticed that with additional far-red light, the pak choi flowering
time can be extremely brought forward. During the experiment, the pak choi
started flowering at 20 days with added far red light and others were not

flowering for all growth periods (Figure 4. 1. 3).
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Figure 4. 1. 3 Pre-harvest pak choi growth status. From left to right are fluorescent
treatment, recipe 1 (red/blue: 90%/10%), recipe 2 (red/blue: 70%/30%) and recipe
3 (red/blue: 70%/30% with added far red). The recipe 3 treatments started flowering
after 20 days growth. Image shows the growth status at 30th day.

4. 1. 2 Changed intensity on yield and energy consumption.

Table 4. 1. 4 presents the results of how different light intensity influence pak
choi growth. As the plants were growing under the same LED recipes (red/blue
at 70%/30%) but different light intensity (recipe L, M and H refers to 100, 150,
and 200 pymol/m?s, respectively), the measurements indicated that the fresh
matter was raised as the intensity increasing, but recipe M had the highest
chlorophyll content among LED recipes. Fluorescent lamp treatment (CK) had
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the highest yield and chlorophyll content and had the highest energy
consumption. With the same intensity, CK showed 16% higher yield than recipe

H, indicating that pak choi was stressed with 200 pmol/m?s LED lighting.

Table 4. 1. 4 After 60 days of growth the pak choi physiological features and the
total energy cost when grew under different light intensity but same red/blue ratio,

compared with fluorescent treatment as control (CK).

Chlorophyll Ener

Treatment Fresh matter (g)  Dry matter (g) content a9y

consumption (Kwh)
(mg/g)

CK 71.96+4.701a 3.95+0.294a 2.245+0.101a 108
Recipe H 61.66+3.270b 2.86+0.332b  1.547+0.012c 43.2
Recipe M 41.367+1.995¢ 2.11+£0.210c  1.825+0.031b 28.8
Recipe L 19.893+1.334d 1.20+0.095d  1.132+0.025d 19.2

*Within a column, means followed by different letters are significantly different at P
<0.05, n=3. Recipe H, Recipe M and Recipe L stands for high intensity treatment
(200umol/m?s), medium intensity treatment (150umol/m?s) and low intensity

treatment (100umol/ m?s), respectively.

Although CK had significantly improved biomass and chlorophyll content, its
extremely higher total energy cost it presented inefficient energy usage. On the
other hand, LED treatments showed positive relationships between biomass
and energy cost. As each LED panel only cost 40% energy compared with CK,
the Energy Use Efficiency (EUE) was 114% higher than CK (Figure 4. 1. 4). The
EUE between recipe H and M showed no significant difference, indicating
similar Energy-Light-Biomass conversion efficiency. Considered as 150
umol/m?s will be suitable for industrialized targets, recipe M has the most

potential to be extensively applied for actual industrial production and marketing
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Figure 4. 1. 4 Energy use efficiency (Fresh matter/total energy cost) between

different LED recipes. Energy presented the total electric used during 60 days

growth. Means followed by different letters are significantly different at P <0.05, n=3.

3.3.3 Effects of LED recipes on four pak choi varieties growth

The results of growth status between four varieties of pak choi have been

shown below.

57



Plants Height M1

6.00
a

a
a a a
b b
o > \J N ) ™
TR I & &g{y &
AR CGENEAS

5.00

4.0

o

3.0

o

2.00

Plants Height M3

cm
a

5.00

4.00

3.00

2.00
> D ] N OO ™
& L &L T

FEIFFE &S
Plants Height M5
a
a
| | i b i i |
S F P

%&
&\9 &\, @(,)\?' @(o\/e @(,)(; @(,) @(,)0 @(00

cm
6.50

6.00
5.50
5.00
4.50
4.00
3.50
3.00
2.50
2.00

58

cm

6.00

5.00

N

.00

w

.00

Plants Height M2
a

b b

| | |
P P PP

@b\' Q/S» < <
Vé\}« @r\}/ ®q}* @rﬁ/ @'\' @'\/ @'\/ @’\/

2.00

Plants Height M4

a

ab
SO U I S SO G I\
& & & & & & & &
AR SR SRR SR SIRNAER MR\

cm

6.00

5.0

(=)

4.0

(=)

3.0

o

2.00

Plants Height M6

a

b a
> > v N >

P PP

@@/e @b\g, ®@9’ @@?’ @b ®Q> @b @(OQ

cm
6.50

6.00
5.50
5.00
4.50
4.00
3.50
3.00
2.50
2.00



Plants Height M7 Plants Height M8

cm cm

6.00 a 6.00 a
i | | 1 | | I |
F I N R

&&8’&@@(}3’@“
FFFTFTEEEE FFFFEFEE

Figure 4. 1. 5 Plant height measurements during growth. Led 1 refers to 802
Bushido,; Led 2 refers to Kungfu 2; Led 3 refers to 702 Warrior, Led 4 refers to
Green Hill 402, treated by red/blue 7/3 LED light. CK 1, 2, 3 and 4 refers to the
same varieties but treated by fluorescent lamp as control. M1 stands for the first
measurement at 3" day, M2 stands for the second measurement at 6! day, followed
by this pattern. The labelled different letters are significantly different at P <0.05,
n=3.

The Kungfu 2 (Led 2) showed a significantly (P<0.05) different response
between LED treatment and CK. During the first two measurements (M1 and
M2), the plant height of Led 2 was depressing compared with fluorescent lamp
treatment (CK 2), and it was also the lowest reading among all other treatments.
Green Hill 402 treated by LED light (Led 4) was also repressed in plant height
as CK4 was promoted. 802 Bushido (Led 1) and 702 Warrior (Led 3) extended
most quickly in M1 and M2. However, 802 Bushido treated by the fluorescent
lamp (CK 1) had the lowest reading among control. The dissimilarity in M1 and
M2 showed a significant difference in earlier stage growth speed of four
varieties, but the maximum height of all treatments was around 5.5 cm. From
M6, there was no significant (P>0.05) difference between all treatments.
Although Led 2 was genuinely stressed at the earlier stage but it reached the

peak at M4, showed the most rapid growth speed. Led 1 was most adaptable
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to the LED treatment, which maintained the highest point through all

measurements (Figure 4. 1. 5).
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Figure 4. 1. 6 Leaf number measurements during growth from 3 day after
transplanting. The leaf which was fully expanded from shoot can be calculated. Led
1 refers to 802 Bushido, Led 2 refers to Kungfu 2; Led 3 refers to 702 Warrior, Led
4 refers to Green Hill 402, treated by red/blue 7/3 LED light. CK 1, 2, 3 and 4 refers
to the same varieties but treated by fluorescent lamp as control. M1 stands for the
first measurement at 3" day, M2 stands for the second measurement at 6" day,
followed by this pattern. The labelled different letters are significantly different at P
<0.05, n=3.

Unlike the observation in plant height measurements, Led 2 showed the most
positive response against LED light treatment in leaf number, which had the
highest number through all growth stages (P<0.05). It was clear to observe an
accelerated increase in Led 2 from M4 to M6, yet all varieties had similar results
of maximum leaf number, except Green Hill 402, which was presented
decreasing reads in Led 4 and CK 4 (P<0.05). The leaf number of 804 Bushido
was suppressed with LED treatment (Led 1), which designate a different

response with its plant height (Figure 4. 1. 6).

For SPAD results, the differences between LED and fluorescent treatments
were not significant (P>0.05). 802 Bushido (Led 1) had higher chlorophyll

content in M2, but no variance in other treatments and the content was even
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decreased 12% in M8 (P<0.05). Green Hill 402 (Led 4) and Green Hill 402 (CK
4) had no difference before M3, but the chlorophyll appeared to be limited
afterwards. In M5, the CK 4 was 19% higher than Led 4 (P<0.05). As CK 4
presented the lowest reading among all other controls, in the same way, Led 4
also had a limited amount compared with other LED treatments, but at the final
stages, all treatments reached the equivalent level, see details in Figure 4. 1.
7.
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Figure 4. 1. 7 SPAD reading of four pak choi varieties during growth. The
measurements were proceeded on the third fully expanded leaf. Led 1 refers to 802
Bushido; Led 2 refers to Kungfu 2; Led 3 refers to 702 Warrior, Led 4 refers to
Green Hill 402, treated by red/blue 7/3 LED light. CK 1, 2, 3 and 4 refers to the
same vatrieties but treated by fluorescent lamp as control. M1 stands for the first
measurement at 3" day, M2 stands for the second measurement at 6! day, followed
by this pattern. The labelled different letters are significantly different at P <0.05,
n=3.

In General, the plant height, leaf number and SPAD reads of the four varieties
had similar maximum value. After 30 days of growth, the reads of them had no
significant difference. However, at the earlier growth stage, they showed

dramatically variant responses. The variety with higher growth speed in plant
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height typically showed inhibited features in leaf number and chlorophyll
content, symbolising a competitive relationship between stem elongation and
leaf development.
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Figure 4. 1. 8 Pre-harvested pak choi physiological features. After 30 days growth
the sample was first measured by SPAD, PARu and ACI, then the above-ground
part was harvested and weighed, showed as fresh matter; after weigh the leaves
were all removed from stem and measured for leaf area. PAR absorption was
calculated as (PAR-PARu)/PAR. The labelled different letters are significantly
different at P <0.05, n=3.

Although the diversity of morphology has been observed between different pak
choi varieties and LED treatments, the fresh matter was increased by 17.58%
in 802 Bushido, 16.95% in Kungfu 2, 13.17% in 702 Warrior, and 24.19% in
Green Hill 402, respectively compared with CK. 802 Bushido had the highest
biomass accumulation among four varieties, and the yield of Green Hill 402 was
not satisfied, especially when treated by a fluorescent lamp. The yield was
decreased by at least 12.94% compared with other CK (P<0.05). In contrast,
the total leaf area revealed different results. All varieties showed negative
results when treated by LED recipes compare with CK. It was increased by
28.95% in 802 Bushido, 34.9% in Kungfu 2, 10.79% in 702 Warrior, and 6.44%
in Green Hill 402, respectively, compared with CK (P<0.05). Kungfu 2 showed
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the most negative response in the leaf area with LED treatment. When treated
by the fluorescent lamp, it acquired the highest amount between four varieties.
802 Bushido had the lowest result with LED treatment as it was 10.29%
decreased compared with 702 Warrior, which had the highest value in LED
treatments (P<0.05). Although these four kinds of pak choi showed improved
leaf area under fluorescent lamp, the PAR absorption indicated significant
different results. The average PAR absorption in LED treatment was 97.46%,
and the result in CK was just 90.90%, which was increased to 107.22% by LED
lighting (P<0.05). The reads between varieties showed no significant difference,
expect Green Hill 402 was the lowest in CK. On the other side, the chlorophyll
content was measured before harvested by SPAD; it presented that 802
Bushido was decreased by 7.38% in LED treatment, though Kungfu 2 was
increased by 6.11% in an LED recipe (P<0.05). 702 Warrior and Green Hill 402
showed no difference in chlorophyll content. For anthocyanin content (ACl), 702
Warrior showed an immensely enhanced result with LED treatment; the ACI
read was increased by 34.00% compared with CK, which also reached the peak
of all LED treatment (P<0.05), but its CK had no difference with other varieties.
The ACI of 802 Bushido, Kungfu 2 and Green Hill 402 explicated similar results
with LED treatment. In general, these four varieties still presented significant
diversity in post-harvested results. Although the yield was enhanced regularly
by LED treatments, the leaf development was very variety-specific. Take the
during-growth measurements into consideration; it also indicated that as 802
Bushido had the highest amount in biomass after 30 days of growth, the SPAD
and leaf area explicated decreasing tendency, this may reveal that the
production capacity still changing at later stage and proffered us new insights

on the relationship between varieties and light conditions (Figure 4. 1. 8).

In Table 4. 1. 5, it is quickly observing that Kungfu 2 with LED treatment showed
remarkable improvement in root structure, the total length of the root was

increased by 20.96% approximately, while the total surface area improved by
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23.95%. There were no significant changes in average diameter, but it still
promoted total root volume. Green Hill 402 was extremely repressed in total
root length, which is only 51.87% of the reading in Kungfu 2, but in contrast, the
average diameter was 21.6% higher than other varieties, which still presented
decent results in total root volume, and it had the lowest amount in tips number.
702 Warrior had similar reading in total root length with 802 Bushido, but it had
a 13.5% increased diameter and presented a similar result in total root volume,
compare with Kungfu 2. Meanwhile, 802 Bushido performed regularly in each

measurement.

However, the root development with fluorescent treatment showed inconsistent
results. The total root length from 802 Bushido was remarkably inhibited, the
reading was reduced to 73.18% compared with Green Hill 402. In contrast the
average diameter of 802 Bushido was significantly enhanced to 155%, which
leaded to 34.96% more total root volume than Green Hill 402, but it still had the
lowest readings in total tips number. Unlike the performance in LED treatment,
Kungfu 2 had unsatisfied results with fluorescent lamp treatments. With an
average level in total root length, Kungfu 2 appeared to acquire nearly the
lowest reading in diameter, which presented 34.66% decreased total root
volume and 19.06% reduced in total surface area, compared with 702 Warrior.
702 Warrior highly performed in root volume, average diameter, and total
surface area, which showed the most emphatic response to fluorescent
treatment. Green Hill 402 had well-developed root length with fluorescent
treatment; however, due to the limitation in average diameter, it presented the
lowest total root volume and surface area, yet the highest reading in tips number,
which showed a 32.17% increased than 702 Warrior (Table 4. 1. 5).
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Table 4. 1. 5 Post harvested pak choi root scanning. The analysis including total root length (Length); total root surface area (Surf Area); average

diameter of total root hairs; total number of root tips (Tips), total number of root forks (Forks); and total number of root crossing (Crossing).

trealiri?ants Length(cm) Surf Area (cm?) Av(?n?':?m Root vol(cm?3) Tips Forks Crossing
802 Bushido  2695.42+42.50c  309.01+15.07c 0.37+0.01b 2.96+0.02b 9698.67+656.54a 27684+2151.06b 6944+754.21b
Kungfu 2 3260.221+68.84a 383.13+9.33a 0.37+0.01b 3.79+0.06a 10742.67+2924.02a 32486+2107.37a 7910+572.44a
702 Warrior  2904.20+47.83b 340.63+2.23b 0.424+0.01a 3.6210.09a 8308+1752.17a 29945.3342547.10b  6348.67+420.35b
Green Hill 402 1691.53+98.70d  225.67+17.16d 0.45+0.02a 2.67+0.08c 59921604.87b 20761.33£1927.01c  4500.67+243.54c
Ii:::::ansecnetr;t(lcl;gKl;t Length(cm) Surf Area (cm?) A\'(?“%?m Root vol(cm?) Tips Forks Crossing
802 Bushido 1711.01+£337.57b 245.39+5.98¢ 0.51+0.01a 3.05+0.07b 5317.33£180.01c 21145.33£149.36b 4363+30.20c
Kungfu 2 2344.18+181.18a 290.72+9.85b 0.39+0.01c 2.811+0.14c 7850.00+433.73b 25312+264.48b 6107+195.59a
702 Warrior 2492.58+149.36a 359.19+2.77a 0.46+0.03b 4.30+0.40a 7304.67+248.90b 30038+1340.58a 6365+331.92a
Green Hill 402 2338.85+216.92a 256.91+13.74c¢ 0.33+0.02d 2.26+0.06d 9654.00+391.76a  24431.33£1037.59b 5409+363.33bb

*Within a column, means followed by different letters are significantly different at P <0.05, n=3.
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In conclusion, 802 Bushido was slightly inhibited with LED treatment, and
especially the diameter was lower than others. The length was further reduced
with fluorescent treatment, but the diameter was contrarily improved, leading to
similar results in total root volume. Kungfu 2 was significant enhanced in root
length with LED treatment to obtain the highest root volume, but with
fluorescent treatment, the diameter was reduced, leading to relatively lower root
volume and surface area. 702 Warrior showed impressive enhancement in both
LED and fluorescent treatments, especially the total root volume reached the
peak in fluorescent treatment compared with all other samples. However, Green
Hill 402 performed unsatisfying in both treatments, even though it had the
highest diameter under the LED light. Typical root scan images of four varieties

have are showing in Figures 4. 1. 9to 4. 1. 12.

Figure 4. 1. 9 Root image for 802 Bushido with LED treatment (left) and CK (right)
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Figure 4. 1. 11 Root image for 702 Warrior, with LED treatment (left) and CK (right)
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Figure 4. 1. 12 Root image for Green Hill 402, with LED treatments (left) and

Fluorescent light treatments (right)
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4. 2. Effects of LED Lighting on Photosynthesis

In Section 4.1, the diverse and complex physiological responses between
different subjects caused by changeable LED recipes have been identified, and
the detailed comparison was carried out within yield, morphological
characterisation, leaf development and root structure. As photosynthesis
progress is directly related to the lighting spectrum, to further understand the
regulation from different LED recipes, this section chose pak choi as the main
subject to explore the effects of LED recipes on photosynthesis mechanism by
using gas exchange and chlorophyll fluorescence kinetics technique. Of
particular engagement was (1) the tolerance to light stress, (2) the impact of
changes in LED recipes on the light utility efficiency and (3) the differential

response between varieties.

4. 2. 1 Effects of LED recipes on light curve

Pak choi was grown under three LED recipes: Recipe M (red/blue: 70%/30%);
Recipe R (100% red) and Recipe B (100% blue). After 30 days of growth before
harvested, the samples were measured by LiCor light curve, compared with

fluorescent treatment as control (CK).
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Figure 4. 2. 1 The light curve of Net photosynthetic rate (Pn) of pak choi treated
with different LED recipes: Recipe M (red/blue: 70%/30%); Recipe R (100% red)

and Recipe B (100% blue). The error bars are standard deviation values (n=3).

Figure 4. 2. 1 for net photosynthetic rate measurement shows that when light
intensity was at 0 ymol/m?s, Recipe M demonstrated the lowest reading, which
refers to the highest photorespiration. As the intensity increased to 100
umol/m?s, there was no significant difference observed between each treatment

(P > 0.05), which indicated that the prominent inhibition was the lack of photon

flux. After that, Recipe M remained the highest reading in the light curve,
followed by CK, Recipe R and Recipe B, respectively. There was a clear boost
for CK at 250umol/m?s, and pak choi treated with a relatively more completed
spectrum showed better tolerance to higher light intensity than monochromatic

light, but still lower than combined red/blue at 70 % / 30 % recipe.
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Figure 4. 2. 2 Light curve of actual photochemical efficiency of PS Il in the light in
pak choi treated with LED recipes: Recipe M (red/blue: 70%/30%); Recipe R (100%

red) and Recipe B (100% blue). The error bars are standard deviation values (n=3).

Meanwhile, the actual photochemical efficiency of the PS Il center without dark-
adapted was measured from different LED treatments (Figure 4. 2. 2). In the
intensity range which generally used for production (100-200umol/m?s), Recipe
M with 70% red and 30% blue spectrum showed a positive response in PS Il
reaction center, followed by CK, Recipe B and Recipe R, which was the same
tendency as the previous experimental results. However, after light intensity
raised to 350umol/m?3s, Recipe M was overtaken by CK and remained after.
Recipe R and Recipe B had no significant difference at 150 ymol/m?s, except
that Recipe B performed better than Recipe R during all light intensity. It may
betoken that blue light has positively affected pak choi PS Il light stress

tolerance, but combined spectrum such as Recipe M still performed better
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during specific intensity range, which is also suitable for commercial production.
Above that, fluorescent lamp treatment showed better tolerance compared to

all LED recipes.

The stomatal conductance measurement (Figure 4. 2. 3) showed the curves of
the stomatal movement against increasing PAR. LED recipe with 100% blue
light (Recipe B) had a great promotion to stomatal movement, which maintained
the highest point through all light curve measurements, followed by Recipe M,
CK and Recipe R. After light intensity reached 300umol/m?s, Recipe M and CK

had no significant differences (P > 0.05). Compared with other measurements,

Cond in each treatment had no significant changes after 300umol/m?s,
indicating that the intensity became the limiting factor rather than the lighting

spectrum for stomatal movement.
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Figure 4. 2. 3 The stomatal conductance (Cond) of pak choi leave under different
LED recipes. Recipe M (red/blue: 70%/30%); Recipe R (100% red) and Recipe B
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4. 2. 2. Effects of different LED recipes on pak choi

photosynthesis

Pak choi (Brassica rapa. Green revolution F1) growth in UK campus was
treated with six different LED recipes, the growth conditions and detailed LED

recipes spectrum has been showing in section 3. 4 to 3. 5.

The pak choi were grown with changed LED recipes: Recipe 1 (red: blue
100%/0%); Recipe 2 (red: blue 77%/23%); Recipe 3 (red: blue 73%/27%);
Recipe 4 (red: blue 70%/30%); Recipe 5 (red: blue 62%/38%); and Recipe 6
(red: blue 0%/100%), all under 130umol/m?s intensity, compared with
fluorescent lamp treatment as CK. The Pn and PhiPS2 showed a similar
tendency, as Recipe 1 all had the lowest performance, meanwhile recipe 6 had
the lowest reading in Pn but relatively higher in PhiPS2, which indicated that
monochromic red light was strongly stressing PS Il center, yet monochromic
blue light can still meet its requirement. Recipe 4 demonstrated a significantly
higher level in Pn than other treatment, which showcased as the highest carbon
assimilation rate. In contrast, Recipe 3 recorded higher performance in PhiPS2,
while Recipe 4, 5 and 6 had no significant difference, which suggested that the
PS Il reaction center required certain content of blue light to maintain its function,
more like a regulation factor rather than photochemistry resource. Fv/Fm as
another evidence showed that recipe 6 had the highest volume even compared
with CK, while CK had no difference with Recipe 3, 4, and 5, which also proved
that blue light could enhance the stress tolerance in PSII center, and Recipe 1
(monochromic red light) still showed a negative effect on PSII center. Meantime,
the photochemical quenching treatment exposed the equivalent tendency with
PhiPS2 results, except Recipe 3 remained the same level as Recipe 4, 5 and
6 (Figure 4. 2. 4).
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Figure 4. 2. 4 The features of chlorophyll fluorescence reaction: Net photosynthetic
rate (Pn); Actual photochemical efficiency of PS Il (PhiPS2); Optimal photochemical
efficiency of PS Il (Fv/Fm); Photochemical quenching (qP); The labelled different
letters are significantly different at P <0.05, n=3.

In general, monochromic red light demonstrated a remarkably negative effect
on PSII center activity, and monochromic blue light can heighten the PS Il stress
tolerance, as PS Il conferred the best photochemical potential under 100% blue
light. However, the electron production yield still possessed the highest
efficiency from the combined spectrum, Recipe 3 had the highest
photochemical efficiency, and Recipe 4 had the highest carbon assimilation. CK
showed better performance than most LED recipes.
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The gas exchange results for different LED recipes effects have detailed in
Figure 4. 2. 5. CK demonstrated the lowest reading in both measurements, and
the volume increased as the blue light proportion extending. This positive linear

correlation indicated the improvement of blue light on stomatal movement.
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Recipe 6=0% red: 100% blue; CK: Fluorescent lamp. Stomatal movement
measurement for different LED recipes: Cond (stomatal conductance) and Ci
(intercellular CO2 concentration). The labelled different letters are significantly
different at P <0.05, n=3.
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Figure 4. 2. 6 The water use efficiency of different LED recipes treated pak choi.
Calculated as net photosynthetic rate compared with stomatal conductance. The

error bars are standard deviation values (n=3).

Figure 4. 2. 6 displayed the water use efficiency (WUE) of different LED recipes
treated pak choi, as it calculated from Pn (net photosynthetic rate) to Cond
(stomatal conductance), the slope indicated the carbon fixed by each unit of
water consumption. Although CK had average level of Pn, its extreme low Cond
showed the highest WUE compared with all other LED recipes. Recipe 3 and
Recipe 2 had similar WUE, and it is vital to notice that recipe 4 with the highest
Pn revealed a similar WUE with Recipe 1, which had the lowest Pn in all LED
recipes. As the stoma was forced to open, associating the increasing blue light
proportion, even though Recipe 3 and 4 showed enhanced PhiPS2 and Pn, the

WUE were still reduced.
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In general, blue light played the most critical role in pak choi stomatal movement;
with the opened stoma, the CO2 absorption and transpiration were enhanced,
which caused Ci to increase. On the one hand, the excessive intercellular
carbon dioxide concentration indicated that the excessively absorbed carbon
dioxide could not be consumed entirely by the Calvin cycle. On the other hand,
the evaporation of water caused by transpiration is increase, resulting in lower

water use efficiency.

4. 2. 3. Different photosynthetic response in four pak choi

varieties

The four varieties of pak choi (802 Bushido, Kungfu 2, 702 Warrior and Green
Hill 402) were grown under the following conditions for 30 days: red/blue:
70%/30% LED recipe at 130 pmol/m?s. Growth status was measured
periodically. Fluorpen FP100 was used on the 10" day, 20t day and 30" day
after transplanting for optimal photochemical efficiency, and Li-6400 XT was
used on the 15" day and 30" day for both gas exchange and chlorophyll

fluorescence measurement.

Figure 4. 2. 7 demonstrated the maximum photochemical efficiency of PSII
during growth. For measurement on the 10" day and 20" day there was no
significant difference observed in all treatments, but on the 30" day the 802
Bushido (Led 1) and Kungfu 2 (Led 2) showed reduced readings, which
indicated the stressed PS Il center. Simultaneously, 802 Bushido and Kungfu 2
with fluorescent lamp treatment (CK 1 and CK 2) still maintained high readings
compared with other treatment. The rest of the LED treatment and CK had no
significant difference through all measurements.
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Figure 4. 2. 7 The maximum photochemical efficiency of PSIl (Fv/Fm) of four pak
choi varieties (Led1-Led 4 stand for 802 Bushido, Kungfu 2, 702 Warrior and Green
Hill 402 treated by red/blue: 70%/30% LED recipe; while CK1-4 stand for the four
varieties treated by fluorescent lamp as CK), measured at M1 refers to 10", M2
refers to 20" and M3 refers to 30" day, respectively. The labelled different letters
are significantly different at P <0.05, n=3.

The observation mentioned above indicated that, as maximum photochemical

efficiency of PSII will not be affected by growing conditions in most cases, so it

can be summarized to represent the degree of stress on PSII. The results

determined that the status of PSIl was changing during the entire growth

process, and the tolerance between each variety was different, which proved
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as 802 Bushido and Kungfu 2 was reducing at the ending of the growth period.
Generally, this parameter should locate the range around 7.5-8.0, and these

four varieties maintain the adaptability to LED lighting sources.
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Figure 4. 2. 8 The gas exchange and chlorophyll fluorescence measurements for
4 varieties at 15th day. Led1-Led 4 stand for 802 Bushido, Kungfu 2, 702 Warrior
and Green Hill 402 treated by red/blue: 70%/30% LED recipe for 15 days growth,
while CK1-4 stand for the four varieties treated by fluorescent lamp as CK. The

labelled different letters are significantly different at P <0.05, n=3.
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Figure 4. 2. 8 demonstrated the photosynthetic characteristics of four pak choi
varieties. There were no significant (P>0.05) differences between each variety,
either treated by LED recipes or fluorescent lamp, but all LED recipes showed
higher Pn than CK. Meanwhile, PhiPS2 had no difference among varieties
when treated by the LED recipe as well (P>0.05), but in CK 802, Bushido had

significantly higher results compared with other CK (P < 0.05). In stomatal

conductance measurements. Green Hill 402 showed notably reduced
responses in stomatal conductance measurements compared with other

varieties, and all LED treatments showed higher results than CK (P < 0.05).

However, there was no significant difference between all treatments in Ci,

except Green Hill 402 reached the lowest when treated by LED recipes.

In general, there were no significant differences (P>0.05) among these four
varieties in Pn and PhiPS2, except 802 Bushido remained high performance
both in LED treatment and CK, which had significantly higher volume in PhiPS2

compared with other varieties when treated by the fluorescent lamp (P < 0.05).

Nevertheless, Green Hill 402 showed negative reply in a stomatal movement
when treated both by LED and CK, which had the lowest Cond among all
treatments. The results indicated that even theses four varieties had changed
Cond refers to different CO2 absorption rate, they still represented a similar
carbon dioxide assimilation rate (Pn). As all LED treatments showed better
PhiPS2 as CK, it suggested that the efficiency of photosystem Il was the critical

factor for yield production among the changing light conditions.
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Figure 4. 2. 9 The gas exchange measurements results. Led1-Led 4 stand for 802
Bushido, Kungfu 2, 702 Warrior and Green Hill 402 treated by red/blue: 70%/30%
LED recipe for 30 days growth, while CK1-4 stand for the four varieties treated by
fluorescent lamp as CK. The labelled different letters are significantly different at P
<0.05, n=3.

After 30 days of growth, the gas exchange and chlorophyll fluorescence were
measured before harvested (Figure 4. 2. 9). 802 Bushido and Kungfu 2 had the
highest Pn than all other varieties, followed by 702 Warrior and Green Hill 402.
There were no significant differences between LED treatment and CK, and the
plants with CK had a related tendency. Nevertheless, the PhiPS2 present
almost the corresponding level among the varieties except for Green Hill 402
(P>0.05), which had a 10% lower reading compared with others (P<0.05). The
rest varieties presented no differences (P>0.05). For Cond measurement, 802
Bushido had dramatically higher level both in LED treatment and CK (P<0.05),
the others had no significant differences (P>0.05). Ci showed comparable

results, as 802 Bushido reached the peak in both conditions.

In conclusion, the carbon dioxide assimilation was performed differently
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between the varieties when the measurement was conducted on the 30" day;,
as 802 Bushido had the highest Pn, followed by Kungfu 2, 702 Warrior and
Green Hill 402. Contrary to the previous results, Kungfu 2 had reduced PhiPS2
reading in LED treatment but enhanced CK, intimating that Green Hill 402 can
have more prolonged activity in photosystem Il with fluorescent lamp. For
stomatal conductance, 802 Bushido had significantly higher performance than
any others in both LED and CK treatment, as the increasing in Pn was not so

significantly, this performance was led to lower water use efficiency.
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4. 3 Transcriptomic analysis of Pak Choi grown under
different LED light spectra

Based on previous studies, RNA Sequencing technology was used to identify
gene expression profiling and significant differential expressed genes and gene
regulatory networks associated with pak choi plant growth and development

under different LED light spectra.

4. 3. 1 RNA sequencing results

We obtained an average of 47 million trimmed reads from each sequencing
samples with the transcriptome data analysis. Approximately 37 million reads
from each sample were mapped to the reference genome, accounting for 85%
of the total reads. Above that, approximately 33 million reads were uniquely and

correctly mapped Brassica rapa genome, which showed in Table 4.3.1.

To assess transcriptome similarity between samples, principal component
analysis (PCA) and hierarchical clustering was performed (Figure 4 .3. 1 and
Fig 4. 3. 2). Both analyses revealed discrete clustering of samples according to
different treatments and biological replicates, meaning some high similarity
between the replicate samples under LED light spectra but some variations
within replicates. Therefore, the reads were further trimmed by CLC, and results

have been showing in Figure 4. 3. 2 and Figure 4. 3. 3.
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Table 4. 3. 1 Read alignment of RNA-seq data between different lighting recipes, refers to Brassica rapa FPsc_v1.3 genome. B refers to 100%
blue light treatments, M refers to red/blue: 70%/30% treatments, R refers to 100% red light treatments, CK refers to fluorescent treatments. 1, 2

and N refer to different replicates, respectively.

Mapped Reads Uniquely and Correctly Mapped Reads

Sample Trimmed Reads Count Percentage Count Percentage
B1 51,857,862 44,305,423 85.44% 37,272,202 71.87%
B2 42,654,370 36,328,230 85.17% 30,561,758 71.65%
BN 48,932,560 41,861,176 85.55% 34,962,904 71.45%
CK1 44,261,302 38,026,211 85.91% 31,988,596 72.27%
CK2 46,758,818 40,070,136 85.70% 33,564,240 71.78%

CKN 48,722,188 41,750,908 85.69% 35,317,506 72.49%
M1 52,359,214 44,755,214 85.48% 37,701,050 72.00%
M2 52,908,140 45,223,781 85.48% 37,915,182 71.66%
MN 47,293,482 40,282,678 85.18% 33,872,902 71.62%
R1 44,082,194 37,612,570 85.32% 31,431,574 71.30%
R2 41,435,294 35,446,888 85.55% 29,839,970 72.02%
RN 44,950,492 38,477,686 85.60% 32,283,156 71.82%
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Figure 4. 3. 1 The Principal Component Analysis (PCA) for RNA seq results
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The number of reads was significantly decreasing after trimming by CLC,
especially the saturation evaluation of libraries was reduced significantly, which
led to the shortage of gene expression coverage. On the other hand, the quality
distribution of trimmed reads was dramatically improved, which demonstrated
more improved PCA results in Figure 4. 3. 2. Beforehand, it displayed the
differential expressed gene level, as blue light treatments had the most notable

differences compared with other treatments.
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Figure 4. 3. 2 The PCA results and Box Plot after further trimming by CLC
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Figure 4. 3. 3 The reads distribution of RNA sequencing results, in same line from

left to right refers to before/after CLC trimming.

After the normalization, according to the sequencing principle, the reads will

increase significantly when the expression level of a particular gene is high.

However, if the length of a gene is long, the number of reads will

correspondingly increase. In order to reasonably compare gene expression

levels, reads are calculated by using RPKM:

RPKM = 10°C/NL
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While C is the number of uniquely read reads aligned to the reference gene, N
is the total number of reads that are uniquely aligned to all genes, and L is the
number of gene bases. Thus, it can directly examine the differences in gene

expression between samples.

After the calculation, there were a total of 41020 genes identified. Above that,
FDR<0.05 and |log, Ratio| =1 were considered as differential expressed
gene (DEG), compared with CK. As results, there were 911 DEGs in Recipe M,
with 447 down-regulated and 464 up-regulated; 2451 DEGs in Recipe B, with
1410 down-regulated and 1041 up-regulated; and 269 DEGs in Recipe R, with
183 down-regulated and 86 up-regulated were identified. (Figure 4. 3. 4), which
demonstrated that the pak choi with blue light treatment showed a remarkable

higher expression quantity than any other treatments.
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Figure 4. 3. 4 The differential expressed genes in three treatment compared with
CK (Recipe M: 70% red / 30% blue; Recipe B: 100% blue; Recipe R: 100% red).
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To further understand the gene function classification, the Gene Ontology (GO)
analysis was applied. GO results were displayed in three categories (Figure 4.
3.5):

Biological Process: 15% located in protein phosphorylation, 9% in the
regulation of transcription, 8% in metabolic process, 10% in transmembrane

transport, and 5% in carbohydrate metabolic process.

Cellular Component: 15% in the membrane, 25% in integral component of
membrane, 14% in the nucleus, 5% in the intercellular, 4% in the cytoplasm,

and 5% in the cell wall.

Molecular Function: 9% in protein binding, 7% in ATP binding, 6% in protein
kinase activity, 5% in DNA binding, 4% in oxidoreductase activity, 4% in heme
binding, 3% in transcription factor activity, sequence-specific DNA binding, 3%
in iron ion binding, and 3% in oxidoreductase activity, acting on paired donors,

with incorporation or reduction of molecular oxygen.
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Figure 4. 3. 5 Gene Ontology (GO) function enrichment analysis of LED light
treated pak choi gene expression.
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In order to further understand the biological functions of plant growth and

photosynthesis-related genes under three LED light treatments, the differential

expressed genes were further analyzed by metabolic pathway enrichment

using the KEGG database. Pathway Significant Enrichment Analysis applies a

hypergeometric test to find KEGG Pathway significantly enriched in differential

expression compared to the entire genomic background (Figure 4. 3. 6).
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Figure 4. 3. 6 KEGG pathway function enrichment analysis of differential

expressed genes between each LED recipe treatment and CK.
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It demonstrated that in all three LED treatment, both the biosynthesis of
secondary metabolites and metabolites pathways is higher than the others,
including the plant's hormone signal transduction pathway. It is worth notice that
biosynthesis of unsaturated fatty acids and Fatty acid metabolism pathway
were more activated in Recipe B treatment, which may indicate that the wax
biosynthesis for leaf surface coverage was improved by blue light, and it may

lead to higher cold resistance and pest defence (Ishizaki N. et al., 1996).

As the very first and essential photoreceptor, the genes that related to
photosystem Il and photosystem |, especially the antenna protein, were
observed in Table 4.3.2

Table 4. 3. 2 The selected differential expressed genes which related to
photosystem and light harvesting complex in LED light treated pak choi, compared
with CK in log1o fold change.

Feature ID R vs CK o- value B vs CK p- M vs CK Fold p-
Fold change Fold change value change value
Brara.B01738 -1.39 0.00 -1.75 0.00 -1.64 0.00
Brara.A00858 -1.28 0.96 -1.32 0.15 -1.56 0.00
Brara.A01166 -1.24 0.00 -1.56 0.00 -1.51 0.00
Brara.J00193 -1.11 0.91 -1.70 0.00 -1.50 0.00
Brara.H00652 -1.15 0.05 -1.57 0.00 -1.30 0.00
Brara.F03187 -1.15 0.01 -2.57 0.00 -1.45 0.00
Brara.F00021 -1.17 0.00 -2.14 0.00 -1.41 0.00
Brara.H02525 -1.08 1.00 -4.20 0.00 -1.41 0.00
Brara.l03747 -1.18 0.01 -1.64 0.00 -1.40 0.00
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Brara.G00547 -1.20 0.00 -2.07 0.00 -1.40 0.00
Brara.H02384 -1.08 1.00 1.08 1.00 -1.36 0.00
Brara.C04035 -1.06 0.70 -1.81 0.54 -1.36 0.00
Brara.B03307 -1.08 1.00 -1.00 1.00 -1.32 0.00
Brara.l00765 -1.19 0.00 -1.39 0.00 -1.32 0.00
Brara.E02107 -1.19 0.29 -1.76 0.00 -1.32 0.00
Brara.l02857 1.09 1.00 -2.23 0.00 -1.29 0.00
Brara.l02817 -1.18 0.00 -1.66 0.00 -1.29 0.00
Brara.C03812 -1.17 0.01 -1.74 0.00 -1.29 0.00
Brara.A00845 -1.07 1.00 -1.71 0.00 -1.27 0.00
Brara.l04910 -1.12 0.35 -2.25 0.00 -1.27 0.00
Brara.J00467 -1.25 0.01 -1.03 1.00 -1.25 0.00
Brara.G00467 -1.06 1.00 -1.72 1.00 -1.25 0.00
Brara.E03123 -1.11 1.00 -1.43 0.00 -1.24 0.00
Brara.F01095 -1.03 1.00 -2.32 0.00 -1.23 0.00
Brara.D02090 -1.00 1.00 -1.40 0.00 -1.22 0.01
Brara.A02793 -1.14 0.57 -1.56 0.00 -1.22 0.00
Brara.H01891 -1.16 0.01 -1.54 0.00 -1.22 0.00
Brara.F00256 -1.09 1.00 -3.30 0.00 -1.21 0.02
Brara.l04677 1.01 1.00 1.00 1.00 -1.21 0.01
Brara.F02286 -1.04 1.00 -1.41 0.00 -1.21 0.00
Brara.E00101 -1.51 0.00 1.15 0.02 -1.20 0.00
Brara.H02952 -1.07 0.99 -1.25 0.00 -1.20 0.00
Brara.E01452 -1.05 1.00 -1.22 0.00 -1.20 0.00
Brara.l00297 -1.05 1.00 -1.25 0.00 -1.20 0.00
Brara.H00553 -1.10 0.00 -1.37 0.00 -1.18 0.00
Brara.E01277 -1.16 0.00 -1.14 0.00 -1.17 0.00
Brara.J00907 1.05 1.00 -2.20 0.00 -1.17 0.00
Brara.D02820 -1.15 0.00 -1.40 0.00 -1.17 0.00
Brara.F00523 -1.12 0.01 -1.44 0.00 -1.16 0.00
Brara.D01828 -1.12 0.34 -1.32 0.00 -1.16 0.01
Brara.B0O0018 -1.00 1.00 -2.24 0.00 -1.16 0.02
Brara.G01647 -1.05 1.00 -1.51 0.00 -1.16 0.00
Brara.H00039 -1.06 1.00 -1.27 0.00 -1.15 0.00
Brara.H00722 -1.08 1.00 -1.64 0.00 -1.15 0.02
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Brara.C02638 -1.11 0.14 -1.17 0.00 -1.15 0.00

Brara.l02744 -1.03 1.00 -1.24 0.00 -1.14 0.00
Brara.H01465 -1.07 1.00 -1.51 0.00 -1.14 0.04
Brara.l05310 -1.05 1.00 -1.62 0.00 -1.13 0.00
Brara.A02541 -1.09 0.98 -1.41 0.00 -1.13 0.02
Brara.l02349 -1.06 1.00 -1.12 0.00 -1.13 0.00
Brara.D00751 -1.12 0.00 -1.32 0.00 -1.13 0.00
Brara.E00573 -1.20 0.00 1.1 0.01 -1.12 0.01
Brara.F00205 -1.07 0.32 -1.38 0.00 -1.11 0.00
Brara.B03997 -1.02 1.00 -1.12 0.00 -1.10 0.01
Brara.H00177 1.10 1.00 -2.00 0.01 3.32 0.00
Brara.E01976 -1.18 1.00 23.82 0.00 3.89 0.00

As results, 56 significantly differentially expressed genes in Recipe M vs CK
detected, 17 and 49 significantly differentially expressed genes in Recipe R vs
CK and Recipe B vs CK detected, respectively. There were 54 genes down-
regulated by Recipe M, 17 genes down-regulated by Recipe R, and 47 genes
down-regulated by Recipe B. The annotations of genes in Table 5.3.2 have
been pointing in appendix 2, and there were 16 of them related to photosystem
II, 21 of them related to photosystem |, and 16 genes related to light-harvesting
complex. It is conspicuous that Recipe M significantly up-regulated
Brara.E01976, which coded ELIP (early light-induced proteins), and highly up-
regulated by Recipe B. Although they were all downregulated by Recipe M, the
rest of genes, as the log1o fold changes was less than -1.3, indicated that the

differences are relative small.

To determinate effects from different LED spectrum on pak choi growth,
especially in morphologies and stress tolerance, DEGs with p-value<0.05 and

|log,o Ratio| = 2 from each LED treatment compared with CK were collected,
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which refers to a total number of 912 DEGs. Table 4. 3. 3 lists several highly

performed and strongly regulated.

Table 4. 3. 3 The comparison of highly performed or regulated genes between each
LED treatment with CK

Feature ID R vs CK p- B vs CK p- M vs CK Fold p-
Fold change value Fold change  value change value
Brara.H01691 2.68 1.00 13.88 0.00 12.81 0.00
Brara.C01573 1.54 1.00 -1.69 1.00 36.58 0.01
Brara.H00687 -1.71 1.00 8.54 0.00 7.91 0.00
Brara.C04537 1.59 1.00 5.60 0.00 3.83 0.00
Brara.F01137 1.19 1.00 -1.17 1.00 2.40 0.00
Brara.H01125 2.29 0.00 1.59 0.19 2.62 0.00
Brara.G03530 -1.45 0.07 2.03 0.00 -2.47 0.00
Brara.l00981 -2.52 0.00 -1.20 0.80 -4.34 0.00

Brara.H01691 was significantly up-regulated by Recipe M and B, compared
with CK. It is annotated as H*-ATPase 1 coding gene, located on plasma
membrane for creating the electrochemical gradients; Brara.C01573 was highly
performed in Recipe M but no significant difference in Recipe R and B. It is
annotated as cytochrome P450, family 71, subfamily A, polypeptide 13, which
has been reported that can regulate camalexin levels and improve leaf
expanding (Nafisi M. et al., 2007). Brara.F01137 is also the coding protein that
belongs to the cytochrome P450 superfamily (cytochrome p450 79f1) which
caused bushy phenotype in Arabidopsis (Birgit R. et al., 2001), and it was up-
regulated only by Recipe M. The Brara.H01125 is also related to a cytochrome
protein family. However, it was up regulated by Recipe M and R. Brara.H00687
was identified as a Rapid alkalinization factor (RALF) family protein and highly

performed in Recipe M and B, which consists of extracellular signals and can
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reduce root growth and development (Pearce G. et al., 2001). Brara.C04537
was identified as chloroplast beta-amylase 3 (BAM3), which was significantly
high performed in Recipe B, followed by Recipe M. The BAM3 was reported by
Kaplan F. et al. 2005 about its beta-amylase activity and cold stress response.
Brara.G03530 refers to the NR gene that was down-regulated by Recipe M and
up-regulated by Recipe B, while Brara.l00981 refers to NiR gene was down-
regulated by Recipe M and Recipe R. These two genes have been confirmed

to play a deciding role in plant nitrate metabolism (Lillo C. 1994).
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Chapter 5. Discussion

5. 1 The newness that brought by urban agriculture

Compare with the traditional farming, the urban agriculture can deliver
products that fit into a community’s particular standard, as a more sustainable
ingredient provider. Stable is one of the most convincing points this agricultural
mode is selling to the urbanized community. In particular, the vertical farm
model is based on the full adoption of industrialized and digitally controllable
equipment, which leads to the maximized artificial manipulation to the planting
environment by reducing the impact from uncontrollable natural factors to
product growth. This technical achievement would benefit agriculture products
with stable quality as well as a steady and controlled yield. Meantime, the
vertical farm model can reach the maximum capital-output ratio between natural
resources consumption and products harvesting, avoiding superfluous natural

resources abusing during the production process.

When it comes to the entire supply chain construction, efficacy and precession
have become the priority for satisfying the urban catering industry's requirement.
Urbanized new dining culture and food preferences are expanding rapidly with
the intensity digitization, appearing to be e-commerce. This trend brings direct
challenges to the restaurant business that the transport speed and supply chain
streamlining become factors that improve merchants with more commercial
value and net profit more than dine-In experience. Meanwhile, the stock room
is designed to be more integrated with kitchens as well as the cooking spaces

are developed to go public, which founds the potential marketing slot for vertical
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farming. This advanced farming innovation can be established anywhere
without being bound to natural resource. Similar to a mechanism composition
or an independent kitchen facility, it could be built in the nearest place to the
food processing counter, playing the role of food supply station of multiple
merchants. Simultaneously, the big data system at backstage accomplishes the
data collecting and analysing the information of all marketing movements,
which helps to chase each progressing transaction and have timely insight into
the city’s general dining updates. As a consequence, that draws the city a more
precise map of its food requirement. For vertical farming, it also relies on data
analysing, aiming to reduce cost investment and taking more control of overall
output by artificial techniques should be seen as a proper solution for meeting

the city’s future development.

However, while urban agriculture can produce more food with less natural
resources and is far from harmful pesticides and fertilizers, it still faces the
limitations of excessive energy consumption. Although its production model has
brought about specific business opportunities for the change of supply chain
and the demand of the food market, how to control energy consumption and
output more accurately and improve revenue is the top priority for the further
promotion of this technology. The birth of LED light has brought new solutions.
Its stable, controllable and flexible features perfectly meet the needs of vertical
agriculture, and its extremely high photoelectric conversion efficiency also
dramatically helps to reduce energy consumption. Besides, its significant
advantage is that its spectrum can be artificially controlled according to the
photosynthetic characteristics, morphological establishment, quality and yield
requirements of different plants, thereby further improving the stability of
product quality. In order to achieve this goal, the current research needs are to
conduct a comprehensive study of different types, different varieties, and crops
of different growth stages to obtain a massive database of lighting methods. At

the same time, the mechanism is investigated to summarize the foundation of
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plant response to the spectrum, to expand the general use and ease of use of
LED as an artificial light source. With the advancement and integrity of
technology and the reduction of LED production costs, this new technology will
be rapidly developed in industrial agriculture, family farming, urban agriculture
and even space agriculture to fulfil people's more diverse demand for

agricultural products.

5. 2 The optimizing of lighting recipes and physiological

parameters of plant growth under LED spectra

Agricultural production is a highly complex field, and the massive number of
crop varieties and the demands for product qualities have brought great
difficulties to the adjustment of artificial conditions. Although the characteristics
of LED lamps can perfectly meet the needs of urban agriculture, urban
agriculture itself still need to compete with traditional agriculture, which has
accumulated decades of industrial experience. This project focuses on
optimizing LED lighting recipes by analyzing the physiological responses. The
research started from two directions: the effects of the different spectrum and

intensity, and the response from varied species and varieties.

5. 2. 1 Comparison of LED recipes between tomato, lettuce,

and pak choi

Tomato is a crop with large cultivation area, enormous economic benefit and
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rich nutrition deeply craved by the market. Compared with other common
vertical farming crops, its more complex morphological structure and
physiological changes such as flowering and fruiting bring more changing light
conditions requirement. It has been reported that low-temperature and low-light
intensity will have an inhibitory effect on tomato production, resulting in adverse
effects such as weak plant growth, poor vegetative growth, falling flowers and
reduced yield (Wang Y. L., et al., 2000; Han C., et al., 1990), but a suitable light
quality will also promote its quality. Bird C. R. (1991) has shown that appropriate
red-light treatment can increase the lycopene content in the fruit, as the
expression level of phytochrome A is significantly increased under red light,
which may be a regulator of carotenoid synthesis and related to the lycopene
pathway. In comparison, the content of protein and vitamin C in tomato fruit was

significantly promoted by blue light.

Although the overall developmental state of tomato has been suppressed to
varying degrees under LED illumination, on the other hand, LED light sources
exhibited a strong emphasis on plant morphology. As a crop with a more
extensive form, tomato is often limited by space in actual production, especially
in vertical farming where the application of space requires excellent efficiency,
and the size of the plant needs to be precisely regulated. In the experiment, the
plant height and leaf canopy of tomato were significantly regulated by blue light,
which gave us more inspiration in actual production. On the other hand, lettuce
and pak choi showed a complete growth cycle under an LED light source, and
their yield was promoted to different degrees under changed LED recipes,
especially pak choi showed a more positive response to LED light sources. In
contrast, its excellent production yields and more energy savings reflect the
outstanding potential of LEDs as a new generation of artificial light sources.
Compared with previous studies, we have adopted a more exceptional light
spectrum design based on the advancement of LED technology, which is not

limited to integer ratios but more complex and diverse optical ratios. The results
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also showed that the optimal LED recipes among different varieties indeed
presented a slight difference in the red-blue ratio, which also brings us more
space to explore for the light recipe database (Critten D. L. et al., 1993; Jao R.
C. etal., 2003).

5. 2. 2 LED recipe on pak choi growth

Leafy vegetables are popular and commonly grown worldwide, especially the
pak choi which widely planted in Southeast Asia. In traditional agriculture, pak
choi had taken advantage of the market due to its low cost and rapid growth
cycle. Thus, a completed LED lighting recipe should also approach similar
results. For the experiment in both the UK and Malaysia campuses, the local
varieties of each region all showed a positive response to the specific LED
recipe. The red/blue: 70%/30% lighting method improved the yield and dry
matter in both UK and Malaysia varieties. Due to the narrowband characteristic
of LED wavelength, this recipe has been chosen from more precise intervals
which giving it higher credibility. Whether considering long-term or short-term
cultivation, red light is recommended as the primary spectrum required for plant
growth. In addition to its photon type suitable for chlorophyll absorption, red
light can also affect the broad-face orientation of chloroplasts through
phytochrome, affecting light energy capture (Haupt W., 1965). Therefore, the
spectrum dominated by red light is generally selected as the primary source of
light (Bondada B. R. et al., 2003; Bukhov N. G. et al., 1992). It also has been
observed that the ratio between red and blue light had a significant relationship
with fresh matter / dry matter ratio, which associated with water content and

water use efficiency.
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The research of LED recipe on pak choi also involved the effect on different
growth stages. The growth stage has been set to first 13 days after germination
as early stage, and 14th day to 30th day as later growth stage. The fresh matter
and dry matter showed a very similar tendency as the red/blue: 70%/30%
performed the best yield, but the morphology results are more complicated and
variety specific. However, many studies reported that blue spectrum may
played an important role. Yun K. et al. (2018) suggested that blue spectrum
treatment can promote elongation growth on petunia, calibrachoa, geranium,
and marigold, as presented by an enhanced plant height, internode length, and
stem extension rate. Saebo et al. (1995) reported that blue spectrum could
improve leaf area and extend petiole, but it also leaded to the increasing of the
activity to indoleacetic oxidase and reducing the level of auxin (IAA), thereby

inhibiting apical dominance and achieving a bushy, much branched canopy.

Above that, with added far-red light, the pak choi flowering can be significantly
brought forward. This phenotype was related to the response of phytochrome.
In far-red light enriched conditions, Pr induces the dephosphorylation of
Phytochrome Interacting Factor (PIF) proteins, which strengthens their ability
to bind DNA and promote transcription of genes involved in shade-avoidance
syndrome (SAS), including in the production of auxin and its receptors (Roig-
Villanova et al., 2016). While Due to the flexibility of LED lights, the application
of this phenomenon is more abundant. Yang Z. (2012) reported that the End-
of-day methods, by adding far-red light at the end of each lighting cycle, the

growth speed can be enhanced tremendously.

Meanwhile, the intensity of the LED recipe showed a strong relationship with
energy use efficiency. During the experiment, once LED light intensity
increased by 50%, the energy cost increased by 50% and the fresh matter also
increased by 49.6%. This linear relationship showed a high photoelectric
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conversion efficiency and gave us a more flexible way to set up the lighting
conditions. The intensity between 130 pmol/m?s to 150 pmol/m?s will not stress
pak choi growth and present similar energy use efficiency. As fluorescent lamp
consumed more energy than LED lights, the energy use efficiency (yield per

Kwh) of LED treatments has dramatically increased by 114%.

5. 2. 3 Diversity between different species and varieties

Although pak choi showed a positive response to the LED lighting recipes, the
tomato seedling and lettuce performed differently, especially when the tomato
seedling was stressed by major kinds of LED lighting, only specific red/blue
ratio (73%/27%) brought the yield to the regular level. Meanwhile, the
morphology was still undeveloped. Lettuce also showed negative results to
most kinds of LED recipe, but with red/blue ratio at 73%27% the dry matter was
slightly increased, compared with CK. It has been reported that red: blue at
80%/20% showed positive effects on lettuce growth. The net photosynthetic
rate was enhanced while chlorophyll assimilation was reduced under this
specific recipe, with its increase in the transpiration rate, stomatal conductance
and intercellular CO2 concentration of plants (Wen et al. 2009). Due to the
limitation of experimental conditions, we are not able to explore more recipes
for these species, but the results still showed us a more complicated spectrum

requirement for tomato seedling growth, especially the formation of morphology.

Four Malaysian local pak choi varieties were chosen for the experiments. The
final yield was enhanced by LED treatment, but the stem elongation and leaf
development were drastically changed at an earlier growth stage. In the

meantime, the chlorophyll synthesis was processed more regularly among the
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varieties. Also, the relationship between leaf and root development was
detected. It is crucial to notice that the specific variety Kungfu 2 performed the
highest reading in root volume with LED treatment but lowest reading with
fluorescent treatment. In the meantime, it acquired the highest leaf area with
fluorescent treatment. It indicated that the carbon distribution was strongly
affected in this variety as more biomass be transported for leaf expansion. Also,
Green Hill 402 was repressed in root length and improved in diameter by LED
treatments, which showed contrast results in fluorescent treatments. As blue
light has been reported very related to root elongation and thickening (Yang Y.
etal., 2010), and Yun K. highlighted the different sensitivity in elongation growth
responses was linked to different shade-avoidance strategies between the
different species (Yun K. 2018), it inspired us that the differences between pak
choi varieties is most likely associated with the sensitivity to blue light, which

regulated the morphology through carbon distribution.

Under the situation that the light condition is the limiting factor, the plant can
reduce or enhance the ability of the leaf of capturing light energy by changing
its leaf structure and chloroplast composition, consequently regulating the
photosynthetic capacity of the plant leaves and realizing the carbon in different
organs of the plant. When water and nutrients are sufficient, reasonable
lighting conditions are beneficial to form more carbohydrates through
photosynthesis and distribute them to the above-ground part, thereby causing
an increase in the demand for nutrients and water absorbed by the roots, turn
affects plant roots development. Therefore, in the condition of a fixed LED
recipe, the pak choi during growth stages showed changed irradiation
requirements. Thus, the carbon distribution also showed different responses
between varieties (Groot C. C. et al., 2002; Kotowski W. et al., 2001).
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5. 3 LED recipes effects on photosynthesis

During plant growth and development, light is both an energy source and a
stimulus signal, while other environmental factors regulate plant growth and
development by directly or indirectly affecting plant photosynthetic capacity
(Ohyama K. et al., 2005). Previous studies have demonstrated the response of
multiple varieties to different LED recipes, and many studies have revealed the
effects of different monochromatic light on plant photosynthesis, physiology and
biochemistry. Our experiments showed that the red-blue ratio of the composite
LED recipes significantly formed the trend of continuous change in
photosynthesis. In other words, the weight of spectra in the LED recipe is
continuously changing. It is considered that understanding the red-blue ratio
effects on the balance of plant photosynthesis is the key to understanding and

quantifying plant photosynthetic efficiency.

5. 3. 1 The Effects of LED recipes on light stress

In many agriculture forms, light intensity is the most variable conditions, as it is
affected by many factors and related to energy consumption in the vertical
farming system. Thus, it is indispensable to explore the responses in the
photosynthetic system. Our experiment about pak choi indicated that LED
recipes as red/blue: 70%/30% had the highest carbon fixation rate under all
light intensity, and CK had better performance than monochromatic light
treatments. However, the responses in the PSII centre were more complicated,

and it is necessary to note that with the lowest intensity, PSII still reaches higher
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efficiency, and different treatment had very similar volumes. Unlike Pn results,
PhiPS2 was increasing during 100-200 umol/m?s. This fact indicated that the
status or activity of PS Il is more important than the light source input for
quantum yield, which located at the range of 100-200umol/m?s. llieva I. et al.
(2010) also reported the lower LED intensity lead to higher PSII efficiency in
lettuce, which considered that the low intensity would force the photosystem to
open, to achieve the highest light capture capacity, and it is clear to submit that
it also can be applied to varies LED spectrum. When intensity was increasing,
the reduction in PhiPS2 demonstrated the self-protection mechanism, which

had better performance in CK.

Significant improvement of blue light on stomatal movement has been observed.
There have been many studies on the regulation of light quality on stomatal
opening and closing. Zeiger E. et al. (1985) revealed the principle that blue light
promotes stomatal opening. Blue light can activate plasma membrane, making
ATPase continuously pumps protons to form a transmembrane electrochemical
gradient. Consequently, it promotes the absorption of potassium ions by guard
cells, resulting in decreased intracellular osmotic potential, water swelling of
guard cells and opening the stoma. Meanwhile, Frechilla S. et al. (2000) found
that blue light and green light play opposite roles in stomatal opening. They
believed that this reversible reaction might be occurred by isomerization of
zeaxanthin located on chloroplast, which refers to active form mainly absorbing
green light, and the inactive form absorbing blue light, which is similar to the
reversible reaction of phytochrome to red light and far-red light. In our
experiments, all species treated by 100% blue LED light showed significant
enhancement on stomatal opening than CK confirmed this hypothesis, as

fluorescent lamp contained extra green light in the spectrum. It is also
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mentioned that stomatal conductance was not changing after intensity reached
300 ymol/m?s, which proposed that the ratio between each wavelength took the

significant factors than the total quantum for stomatal movement.

5. 3. 2 The effects of LED lights on chlorophyll fluorescence

For UK local pak choi varieties (Green revolution F1), a similar tendency in gP
and PhiPS2 was perceived. As P indicated the reduction state of primary
electron acceptor Qa in PSII, this result showed that the electron flow from the
PSII oxidation side to the PSII reaction center was not affected by the changed
wavelength. Shunichi T. et al. (2010) reported that PSII was in the process of
continuous damage and repair when it absorbed light, and it led to
photoinhibition if the rate of damage is higher than repair. It was known that the
oxygen-evolving complex of PSll is extremely sensitive to photodamage, which
can be magnified by blue light. The results in Fv/Fm indicated that pak choi only
required a certain amount of blue light to maintain PSII. It will not change after

blue light proportion reached 30%.

It is also crucial to notice that the efficiency of quantum yield and the net
photosynthetic rate was not linearly related under LED lighting, which usually
showed a diverse response in outdoor growth. This result can be analyzed from
two causations: first, the efficiency of carbon assimilation, significantly Calvin
cycle was reduced by spectrum; second, the CO2 became the limiting factor. It
has been reported that different spectrum will affect the efficiency of Rubisco

activity. Ernstsen J. et al. (1999) compared the Rubisco activity under different
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light quality and indicated that green light could extremely reduce it, but no
significant difference was observed between red and blue light. Meanwhile, the
effects of blue on stomatal conductance were observed clearly in the
experiments. Therefore, it has a high probability that the difference between
LED recipes effects on photosynthesis is generated by the balance between
PSII efficiency and COz2 supply. The blue light played an essential role in PSII

maintenance and COz2 absorption by regulating guard cell opening.

5. 3. 3 Different photosynthesis performance between

varieties

It is observed decidedly that, in the earlier stage the Pn had a weak difference
between each variety but compared with CK, the LED treatments were
increased. In the later stage, 802 Bushido and Kungfu 2 were higher than 702
Warrior and Green Hill 402 in Pn, and no difference between LED and CK
treatments. As results, the yield of the four varieties combined the performance
in Pn, as 802 Bushido and Kungfu 2 had greater yield than 702 Warrior and
Green Hill 402, and each of them had better performance under LED treatments
than CK. It is vital to notice that the increasing yield between LED and CK is
same as the previous experiment in UK varieties, which may suggest that this
red/blue: 70%/30 is highly versatile for pak choi varieties. Nevertheless, the
biomass assimilation in 802 Bushido is 12.5% higher than Green Hill 402, which

showed sensitivity between varieties for lighting conditions.

It has been discussed before about the turbulent growth status in different
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growth stages of pak choi in chlorophyll synthesis and morphology, and the
same tendency also expressed in the contemporaneous stomatal movement.
The stomatal conductance was deeply reduced in the later stage. Compared
with PhiPS2 and Pn, the PhiPS2 showed no difference in both of the two stages
while Pn was reduced. It was identified that for long term growth, the CO2 supply
became the limiting factor for pak choi growth as the guard cell was ageing and
decay. It is more evident in LED treatments, and CK showed more resistance.
802 Bushido remained relatively higher stomatal conductance in later stages,

leading to higher water consumption.

5. 4 Insight and exploratory of RNA-sequencing

The High-throughput sequencing technique is a revolutionary advance to
traditional sequencing. This technology which can sequence millions of DNA
molecules at once and enables detailed analysis of the transcriptome and
genome of species. It is possible to perform sequencing at the transcriptome
level, also known as RNA-Sequencing (RNA-Seq), which is the starting point
for studying gene function studies. Thus, the study of alternative splicing
regulation, transcript variation or non-coding RNA expression can be carried
out in successfully (Wei T. et al., 2016). RNA-Seq can provide accurate digital
signals, with the advantages of fast sequencing speed, improved accuracy and
low cost compared with traditional sequencing methods. RNA-Seq results are
detected with known genomic DNA sequence information to judge gene
expression, which can be applied to explore gene expression, optimise the
gene structure and discover new genes. It is a powerful tool for the in-depth

study of complex transcriptomes (Margulies A. 2005).
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This study performed RNA-seq on pak choi under different LED light treatments,
and the results, comparing the results with the Brassica Rapa genome

(BrapaFPsc_277). The objects were grown under LED lighting, by analyzing

the differences in gene expression of the whole pak choi genome, the response
has been synoptically understood, especially concerning the genes involved in
light-harvesting and photoreactions. The results clearly showed the dramatic
changes in plant photoreactions under LED light sources, especially in the light-
harvesting protein complex, where several damage and repair phenomena
occurred. The high expression of several proteins associated with photosystem
repair tells us about the damage to the photosystem. Compared with the
previous chlorophyll fluorescence measurements, it is apparent that LED light
had particular stress on the operation of the photosystem. However, since the
photon energy carried by the LED spectrum was very suitable for photoelectric
reaction, its electron output still showed a positive result. While blue light is also
involved in the regulating photosynthetic system repair, carbon and nitrogen
cycle, stomatal movement, and other vital mechanisms, under this joint action,

plants still showed improved efficiency of light energy utilization (Yu R. C. 2002).

5. 4. 1 The damage and repair of LED light in pak choi

photosystem

As the most important abundant light energy captures and transports organs,
the light-harvesting complexes (LHC) in photosystem Il and | are most sensitive
to lighting conditions. The RNA sequencing results indicated that most kinds of
LHC were downregulated by combined LED recipe. Even though the
suppression was not significant, it still showed the shortcoming of the

monotonous spectrum. However, the early light-induced proteins (ELIP) family
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showed a positive reaction to LED lighting, as it was up-regulated by combined
LED recipe and extremely highly performed in blue light. It has been reported
that individual red light, far-red light and blue light can induce ELIP expression,
and blue light induces more ELIP than red light (Adamska I. et al., 1992). The
ELIP gene has three transmembrane regions, and the amino acid sequences
of these three transmembrane regions are highly similar to the corresponding
regions of chlorophyll a/b binding protein. Both can bind to chlorophyll and
carotenoids (Heddad M. and Adamska I., 2000), so the ELIP protein is classified
into the chlorophyll a/b binding protein superfamily. Furthermore, this structure
is highly conserved among different species, suggesting the importance of such

structures in functioning (Heddad M. and Adamska I., 2000).

There have been many reports on the function of ELIP. Hutin C. (2003) studied
the chaos mutant of Arabidopsis thaliana and found that this mutant could not
accumulate ELIP rapidly and the plant was not resistant to intense light, which
made ELIP widely believed to have photoprotective effect. Under a
photoinhibition conditions, the accumulation of ELIP is accompanied by a
decrease in LHCII mRNA levels and a rapid replacement process of the D1
protein in the PSII centre, indicating that it may be involved in the repair process
of damaged photosynthetic organs (Wierstra and Kloppstech 2000), while ELIP
can also reduce free chlorophyll accumulation to avoid photooxidative stress.
As a result, ELIP was involved in photosynthetic response with LHC protein to
repair the damage that caused by LED spectrum and maintain the function of

photosystem at an average level (Figure 5. 4. 1).
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Figure 5. 4. 1 Network of light-harvsting complex gene. Source: String network.

5. 4. 2 Morphology and quality related genes

At the same time, other genes that related to morphology and plant quality and
content were also detected. Brara.H01691 is related to H *-ATPase 1, as the
enzyme is acting on acid anhydrides to catalyse a transmembrane movement
of substances. It is wildly used for secondary transport, which is involved in
many physiological developments such as solute uptake in roots, tip-growing
systems, size of stomatal aperture and cell wall extending (Gévaudant F. 2007;
Auer M. 1998; Yanovsky M. 1995). As it was highly performed in monochromic
blue light, it is confirmed with previous results that the blue light has positive

effects on stomatal conductance and hypocotyl elongation. In the meantime,
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Brara.HO0687 by regulating RALF family protein to arrest root growth. The high
performance in Recipe M indicated that LED lights would inhibit root
development. However, the results in root scanning in Chapter 3 showed that
in four tested pak choi varieties, only two of them had limited root growth, which
may indicate that this differently expressed gene was variety specific.
Brara.F01137, which coded cytochrome family protein, had no significant
expression in Recipe R and B but up-regulated by Recipe M, and it has been
reported that in Arabidopsis, CYP79F1 can increase the concentrations of
indole-3-acetic acid and indole-3-acetonitrile, which related to glucosinolates
mediation. It had essential effects on plant leaf development (Birgit R. 2001).
Meanwhile, CYP706A1 (cytochrome P450, family 706, subfamily A, polypeptide
1) regulated by Brara.H01125 showed the function of positive improvement in
the biosynthesis of both short- and long-chain aliphatic glucosinolates, located
in seeds, rosette leaves, stems and cotyledons of Arabisdopsis. The aliphatic
glucosinolates have a notable role in plants flavor, nutritional value and pest
resistance, which is also crucial in pak choi growth and commercial value (Chen
S. et al., 2003). As Brara.C01573 has been reported by Nafisi et al., 2007 that
can regulate camalexin level in Arabidopsis, which is vital for resistance to
necrotrophic fungal pathogens. Brara.C04537 can mediate the accumulation of
maltose in Arabidopsis. Although it usually responds to cold stress, it in some
way showed protection to the photosynthetic electron transport chain (Kaplan

F. 2005).

In the meantime, the NR and NiR gene expression, which related to nitrite
metabolism, was also regulated by LED recipes. NR was up-regulated by blue

light while NiR was down-regulated by red light, and both of them were down-
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regulated by Recipe M. In plant growth, NOs" is first reduced to NO2" under the
catalysis of NR, in order to prevent the toxic of NO2" to plant the NO2" will be
immediately reduced to NH4" by the catalysis of NiR (Rongchen W. et al., 2003).
Thus, the NR and NiR are both positively related to nitrite reduction. Although
Recipe M had adverse effects on NR and NiR expression, the monochrome red
or blue light showed different effects, indicating some other lighting methods to

regulate plants quality.
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Chapter 6

Conclusion
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Chapter 6. Conclusion

6. 1 Conclusion

The born of urban farming aims to seek an alternative approach to solving the
global food crisis, under the pressure of climate-changing and natural resource
collapsing. Ulteriorly, this agriculture form also existing as the industrial
outcome which contributed by the iterative technology innovations, a range of
environmental regulation methods, including LED lights, makes this resource-
efficient use of growth pattern getting more opportunities and offers new
possibilities in the areas of urban food supply, richer diet, and environmental

protection.

In our studies, the LED red/blue ratio at 70% to 30% with 130~150umol/m?s
intensity has become the most suitable recipe for pak choi biomass targeting
growth, and it can apply to different growth stages and some specific varieties.
Meanwhile, the different LED recipes have specific effects on pak choi
morphology, such as plant height, leaf area, canopy construction, and shoot-
root ratio, especially in their early-stage growth, indicating diverse regulation

methods for plants growth.

Above that, for photosynthesis among pak choi varieties, the light reaction was
strongly regulated by LED recipes, while the quantum yield and electronic
conversion efficiency were less affected. Red light played the most crucial role

in dry matter accumulation, while blue light was functioning in photosynthetic
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system repair and maintenance. In the meantime, the stomatal movement was
mainly affected by blue light, and it showed different sensitivity between each
variety, which related to the CO2 absorption and transpiration. The red and blue
spectrum ratio in the LED recipe has mainly affected the efficiency of the
photosynthetic reaction center and utilization of COz2. Thus, the intercellular CO2
concentration was considered to evaluate or even forecast the effects of LED
recipes. Combined with the variety difference, this finding may provide a new
way to set up new LED recipes for unknown species or variety and affects the

overall output and resource use efficiency.

The RNA-sequencing results demonstrated the insight response in pak choi
against specific LED lighting conditions, especially the stress and repair in the
photosystem. In the meantime, other essential genes related to plant
development, stress tolerance and metabolite synthesis were identified.
However, due to the funding and time constraints, it is not able for more
replicates and better-quality samples for testing. Also, the results of RNA-seq
were not verified by gRT-PCR, which harmed the correctness of the results.
Nevertheless, it is undeniable that the experiment still gives us a quantitative
analysis of gene expression and detection of photosynthetic pathways and
presented us with a deeper understanding of the specific effects of LED light

sources.

6. 2 Limitations

Although we have obtained some informative and prospective results in this
project, our experiments were limited by many force majeure factors. As we

were the first group that focus on the effects of LED lights on plants growth, we
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had to set up the experimental equipment from the very beginning, especially
the selection, procurement, and installation of LED facilities. As our project was
conducted in two campus, it doubles the time and resources we spend on
preparation and affected the experimental design. Meanwhile, some
unexpected accidents had also delayed the progress, such as the fault of air

conditioner in growth room.

In general, there are few improvements we should achieve with better project
planning: (1) The differences between varieties should also be detected by RNA
sequencing, to investigate the changed gene expression between varieties. (2)
The identified genes should be confirmed through real-time PCR analysis, that
can make the results more accurate and justified. (3) The nutrition
measurements should be involved, which can supply more information about

the value of vertical farming production.

6. 3 Future work

In commercial agricultural production, the study of the red-blue ratio function is
particularly critical. Since plant photosynthesis and organ development are an
extremely complex dynamic process, simply studying the functions of a specific
wavelength cannot cope with the complex needs of the actual implementation.
At present, the research focus is mainly on the exploration of LED light
application and the study of photosynthesis mechanism. When the data
collection achieves a certain point, the author believes that we should focus on
model construction and integrate all aspects of data from a dynamic perspective.
Revealing the relationship between various regulatory factors has a more direct

guiding effect on meeting the production requirements, which will bring truly
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vitality to this technology.

1. Research on LEDs relies heavily on the quality of the light source itself,
especially its spectral stability and dispersion, as well as the distribution density
of the light source. Its characteristics will affect the growth of plants to a certain
extent, especially compared with other artificial light sources. In the future, it is
recommended to test broader types of LED lights to provide a more detailed

evaluation of artificial light sources.

2. Because the photosynthetic system of plants is a highly complicated
structure, and the influence of radiation on it results from multiple aspects,
mathematical models are proposed in future research to systematically study

the effects of multiple influencing factors on overall photosynthesis.

129



Reference

Adamska 1., Ohad 1., Kloppstech K., (1992). Synthesis of the early light-inducible
protein is controlled by blue light and related to light stress. Proc Natl Acad Sci USA,
89: 2610-2613.

Anderson M., Seetharam S., (1985). Protection against tumorigenesis by 3-
methylcholanthrene in mice by beta-naphthoflavone as a function of inducibility of
methylcholanthrene metabolism. Cancer Research, 1985, 45(1):6384-6389.

Andreeva A., Velitchkova M., (1998). Mutual orientation of absorbing chromophores
and long wavelength pigments in photosystem I particles. Spectrochimica Acta Part A
Molecular & Biomolecular Spectroscopy, 54(4):639-644.

Auer M., Scarborough G. A., Kihlbrandt W., (1998). Three-dimensional map of the
plasma membrane H*-ATPase in the open conformation. Nature. 392 (6678): 840-3.

Ballare C. L., (2009). Illuminated behavior: phytochrome as a key regulator of light

foraging and plant anti-herbivore defense. Plant cell and environment, 32: 713-725.

Bird C. R, Ray J. A., Fletcher J. D., et al., (1991). Using antisense RNA to study gene
fuction: inhibition of carotenoid biosynthesis in transgentic tomatoes. Plant Physiol. (9):

635-639.

130



Bondada B. R., Syvertsen, J. P. (2003). Leaf chlorophyll, net gas exchange and
chloroplast ultrastructure in citrus leaves of different nitrogen status. Tree Physiol. 23:

553-559.

Birgit R., Michaela L., Michael R., Jonathan G., Marius K., Goran S., Matthias G.,
Rainer U., Klaus P., (2001). bus, a Bushy Arabidopsis CYP79F1 Knockout Mutant with
Abolished Synthesis of Short-Chain Aliphatic Glucosinolates. Plant cell. 13(2): 351—
367.

Bukhov N. G., Drozdova I. S., Bondar V. V,, et al. (1992). Blue, red and blue plus red
light control of chlorophyll content and CO; gas exchange in barley leaves: Quantitative

description of the effects of light quality and fluence rate. Physiologia Plantarum. 85(4):
632-638.

Casal J. J., (2013). Photoreceptor signaling networks in plant responses to shade.

Annual review of plant biology, 64(4): 403-427.

Cashmore A. R., Jarillo J. A., Wu Y. J., (1999). Cryptochromes: blue light receptors for
plants and animals. Science. 284(5415): 760-765.

Chaobo T., Xiaowu W., Jingyin Y., Jian W., Wanshun L., et al., (2013). Comprehensive
analysis of RNA-seq data reveals the complexity of the transcriptome in Brassica rapa.

BMC Genomics.14 (689)

131



Chen Q., Liu Q., Zhang K., et al., (2009). Effect of different light emitting diode sources
on tomato fruit quality during color-changed period. Transactions of the Chinese

Society of Agricultural Engineering, 25(5):156-161.

Chen S., Erich G., Kirsten J., Peter N., Bodil J., Carl-Erik O., Carsten H. H., Hanse,
Hasse R., John A. P., Barbara A. H., (2003). CYP79F1 and CYP79F2 have distinct
functions in the biosynthesis of aliphatic glucosinolates in Arabidopsis. Plant journal

33(5): 134.

Chen X. L., Guo W. Zh., Xue X. Zh., Wang L. Ch., Qiao X. J., (2014). Growth and
quality responses of ‘Green Oak Leaf” lettuce as affectedby monochromic or mixed
radiation provided by fluorescent lamp (FL) and light-emitting diode (LED). Scientia
Horticulturae. 172, 168—-175.

Christie J. M., (2007) Phototropin blue-light receptors. Annu Rev Plant Biol 58:21-45.

Christopher G., losifina S., Bryan F., John H. G., Kevin E. R., Raimund F., (2017).
Structure of a symmetric photosynthetic reaction center—photosystem, Science, 357

(6355): 1021-1025.

Chunxia L., Zhigang X., Ruiqi D., Shengxin C., Lianzhen W., Muhammad Khalil-Ur-
Rehman, and Jian-Min T., (2017). An RNA-Seq Analysis of Grape Plantlets Grown In
Vitro Reveals Different Responses to Blue, Green, Red LED Light, and White
Fluorescent Light, Front Plant Sci, 8: 78.

132



Critten D. L., (1993). A reciew of the light transmission into greenhouse crops. Acta.

Hort., 248: 101-108.

Dickson Despommier, (2010). The Vertical Farm: Feeding the World in the 21st
Century.

Erik H. M., et al., (2004). Acclimation of photosynthesis to high irradiance in rice: gene
expression and interactions with leaf development. Journal of Experimental Botany, 56

(411): 449-460.

Ernstsen J., Woodrow 1. E., Mott K. A., (1999). Effect of growth light quantity and CO»
concentration on Rubisco deactivation during low PFD or darkness. Photosynthesis

Research, 61: 65-75.

Esmon C. A., Tinsley. A. G., Ljung K., et al., (2006). A gradient of auxin and auxin-
dependent transcription precedes tropic growth responses. Proceedings of the National

Academy of Sciences of the United states of America, 103(1): 236-241.

Feng X., Cheng Y., Zhu J., et al., (2011). Effects of 5-aminolevulinic acid on chlorophyll,
photosynthesis, soluble sugar and flavonoids of Ginkgo biloba. Notulae Botanicae

Horti Agrobotanici Cluj-Napoca, 39(1):41-47.

Francesco N., Tubiello, Jean-Francois S., S. M. Howden, (2007) Crop and pasture

133



response to climate change, Proceedings of the National Academy of Sciences of the

United Stated of America. 104(50): 19686-19690.

Frechette E., Chang Y., Ensminger I., (2016). Photoperiod and temperature constraints
on the relationship between the photochemical reflectance index and the light use

efficiency of photosynthesis in Pinus strobus, Tree physiology, 36 (3): 331-324.

Frechilla S., Talbott L. D., Bogomolni R. A., (2000). Reversal of blue light-stimulated
stomatal opening by green light. Plant&Cell physiology. 41: 171-176.

Food and Agriculture Organization, (2009). How to feed the world in
2050.http://www.fao.org/fileadmin/templates/wsfs/docs/expert_paper/How to Feed t
he World in 2050.pdf

FuW, LiP.,WuY., Tang J., (2012) Effects of different light intensities on anti-oxidative
enzyme activity, quality and biomass in lettuce, Hort. Sci., 39, 129-134.

Gaudreau L., Charbonneau J., Vegina L. P., et al., (1994). Photoperiod and PPF
influence growth and quality of greenhouse-grown lettuce. Hort. Science. 29: 1285-

1289.

Genty B, Briantais J. M., Baker N. R., (1989) Biochim. Biophys. Acta 900: 87-92.

134



Gévaudant F., Duby G., von Stedingk E., Zhao R., Morsomme P., Boutry M., (2007).
Expression of a constitutively activated plasma membrane H'-ATPase alters plant

development and increases salt tolerance. Plant Physiol. 144 (4): 1763-76.

Goins, G.D., Yorio, N.C., Sanwo, M.M., et al.,, (1997) Photomorphogenesis,
photosynthesis, and seed yield of wheat plants grown under red light-emitting diodes

(LEDs) with and without supplemental blue lighting. J. Exp. Bot., 48: 1407-1413.

Golnaz R., Mad N. S., Zainalabidin M., (2015). Urban Agriculture: A Way Forward to
Food and Nutrition Security in Malaysia. Procedia-Social and Behavioral Sciences, 216:

39 -45.

Groot C. C., Marcelis L. F., van den Boogaard R., et al., (2002). Interactive effects of
nitrogen and irradiance on growth and partitioning of dry mass and nitrogen in young

tomato plants. Functional Plant Biology. 29: 1319-1328.

Han C., (1990). Present situation in production and application and trend of plastic film
used in agriculture in China. Transactions of the Chinese Society of Agricultural

Engineering. 6(2): 32-37.

Hanson, P., Yang, R., Chang, L., Ledesma, L., Ledesma, D., (2009). Contents of
carotenoids, ascorbic acid, minerals and total glucosinolates in leafy brassica pakchoi

(Brassica rapa L. chinensis) as affected by season and variety. Sci. Food Agric. 89, 906—

914.

135



Haupt W., (1965). Perception of environmental stimuli orienting growth and movement

in lower plants. Annual Review of Plant Physiology. 16(1): 267-290.

Heddad M., Adamska 1., (2000). Light stress-regulated two-helix proteins in
Arabidopsis thaliana related to the chlorophyll a/b-binding gene family. Proc Natl Acad
Sci USA, 97: 3741-3746.

Heijde M. and Ulm R., (2012). UV-B photoreceptor-mediated signalling in plants.
Trends in plant science, 17 (4): 230-237.

Huber J. L., Huber S. C., Campbell W. H., et al., (1992). Reversible light/dark
modulation of spinach leaf nitrate reductase activity involves protein phosphorylation.

Archives of Biochemisty and Biophysics. 296: 58-65.

Huche-Thelier L., Crespel L., Gourrierec L., et al., (2016). Light signaling and plant
responses to blue and UV radiations—Perspectives for applications in horticulture.

Environmental & Experimental Botany, 121:22-38.

Hutin C., Nussaume L., Moise N., Moya 1., Kloppstech K., Havaux M., (2003). Early
light-induced protein protects in Arabidopsis from photooxidative stress. Proc Natl

Acad Sci USA, 1008: 4921-4926.

Hogewoning S. W., Trouwborst G., Maljaars H., Poorter, et al., (2010) Blue light dose-

136



responses of leaf photosynthesis, morphology, and chemical composition of Cucumis
sativus grown under different combinations of red and blue light. J. Exp. Bot., 61: 3107-
3117.

Iacona C, Muleo R (2010) Light quality affects in vitro adventitious rooting and ex vitro

performance of cherry rootstock Colt. Sci Hortic 125:630-636.

Ijichi H., (2018). Plant factory business-current status and perspective of plant factory
business. NAPA Research Report: 58-80.

Ilieva I., Ivanova T., Naydenov Y., Dandolov I., Stevanov D., (2010) Plant experiments
with light-emitting diode module in Svet space greenhouse, Adv. Space Res., 46: 840-
845.

Ishizaki-Nishizawa O., Fujii T., Azuma M., Sckiguchi K., Murata N., Ohtani T., Toguri
T., (1996). Low-temperature resistance of higher plants is significantly enhanced by a

nonspecific cyanobaeterial desaturase. Nat Biotechnol, 14: 1003-1006.

Jao R. C., Fang W., (2003). An adjustable light source for photo-phytorelated resaerch
and young plant production. American Society of Agricultural Engineers. 19(5): 601-
608 Jenny Zegler, (2019). Global Food and Drink Trends at a glance. Mintel Food &
Drink.

137



Jenkins G. L., (2009). Signal transduction in responses to UV-B radiation. Annual
Review of plant biology, 60: 407-431.

Jenkins 1., Long C., Wade K., et al., (2001). UV and Blue Light Signalling: Pathways
Regulating Chalcone Synthase Gene Expression in Arabidopsis. New Phytologist,
151(1):121-131.

Jenny Zegler, (2019). Global Food and Drink Trends at a glance. Mintel Food & Drink.

Johkan M., Shoji K., Goto F., Hahida S., Yoshihara T., (2012). Effects of green light
wavelength and intensity on photomorphogenesis and photosynthesis in Lactuca sativa.

Environmental & Experimental Botany, 75(75): 128-133.

Kagawa T., Sakai T., Suetusgu N., et al., (2001). Arabidopsis NPL1: a phototropin
homolog controlling the chloroplast high-light avoidance response. Science, 291 (5511):
2138-2141.

Kaplan F., Guy C. L., (2005). RNA interference of arabidopsis beta-amylase prevents
maltose accumulation upon cold shock and increase sensitivity of PSII photochemical

efficiency to freezing stress. Plant J. 44: 730-743.

Katsumi I., (1976). Action spectra for photosynthesis in higher plants. Plant and Cell
Physiology.17 (2): 355-365.

138



Keck A. S., Finley J. W., (2004). Cruciferous vegetables: cancer protective mechanisms

of glucosinolate hydrolysis products and selenium. Integr Cancer Ther, 3:5-12.

Kim H. H., Goins G. D., Wheeler R. M., et al., (2004). Green-light supplementation for
enhanced lettuce growth under red and blue light-emitting diodes. Hortscience A

Publication of the American Society for Horticultural Science, 39(7):1617-22.

Kim S. J.,, Hahn E. J., Heo J. W,, Peak K. Y., (2004). Effects of LEDs on net
photosynthetic rate, growth and leaf stomata of chrysanthemum plantlets in vitro.

Scientia Horticulturae, 101(1-2): 143-151.

Kotowski W., van Andel J., van Diggelen R., et al., (2001). Responses of fen plant
specise to groundwater level and light intensity. Plant Ecology, 155:147-156.

Kozai T., (2013). Resource use  efficiency of closed plant production system
with artificial light: Concept, estimation, and application to plant factory. Proceedings

of the Japan Academy, Ser. B 89(10),2013: 447-461.

Kozai T., Niu G. H., Takagaki M., (2015). Plant factory: An indoor vertical farming
system for efficient quality food production. New York: Academic Press :457-490.

Kozai T., Uraisami K., Kai K., et al., (2019). Some thoughts on productivity indexes of
plant factory with artificial lighting (PFAL). Proceedings of International

139



Kuroiwa S., Monsi M., (1994). Theoretical analysis of light factor and photosynthesis
in plant communities: Diurnal changes of extinction coefficient and photosynthesis.

International Journal of Plant Sciences, 155(5):583-587.

Labuz J., Sztatelman O., Banas A. K., et al., (2012) The expression of phototropins in
Arabidopsis leaves: developmental and light regulation. Journal of experimental botany.

63(4): 1763-1771.

Lau O. S. and Deng X. W., (2012). The photomorphogenic repressors COP1 and DET
1: 20 years later. Trends in plant science, 17(10): 584-593

Lee I., (2010). Effects of Red/Blue Light Ratio and Short-term Light Quality
Conversion on Growth and Anthocyanin Contents of Baby Leaf Lettuce. Journal of

Bio-Environment Control, 53:1229-1303.

Leong T. Y., Goodchild D. J., Anderson J. M., (1985). Effect of light quality on the
composition, function, and structure of photosynthetic thylakoid membranes of

Asplenium australasicum Hook. Plant Biology. 78:561-567.

Li H. M., Tang C. M., Xu Z. G., (2013). The effects of different light qualities on rape
seed (Brassica napus L.) plantlet growth and morphogenesis in vitro. Sci. Hortic.

150,143-151.

140



Lillo C., (1994). Light regulation of nitrate reductase in green leaves of higher plants.
Physiologia Plantptrun, 90: 616-620

Lin C., Ahmad M., Cashmore A. R., (1996). Arabidopsis crytochrome 1 is a soluble
protein medicating blue light-dependent regulation of plant growth and development,

The plant journal, 10(5): 893-902.

Lin H., Wang B., Xu J., et al., (2014). Phosphor-in-Glass for High-Powered Remote-
Type White AC-LED. ACS Applied Materials & Interfaces, 6(23):21264.

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. 150, 86-91.

LinY, LiJ., Li B, etal., (2011). Effects of light quality on growth and development of
protocorm-like bodies of Dendrobium officinale, in vitro. Plant Cell Tissue & Organ

Culture, 105(3):329-335.

Liscum E. and Briggs W. R., (1995). Mutations in the NPHI locus of Arabidopsis
disrupt the perception of phototropic stimuli. Plant Cell, 7(4): 473-485.

Liu K., Chen Y., Hu T, et al., (2016). The influence of light-emitting diodes on the

141



phenolic compounds and antioxidant activities in pea sprouts. Journal of Functional

Foods, 25:459-465.

Liu W., Yang Q., Wei L., (2012) LED light sources and their applications in protected

horticulture. Beijing: China Agricultural Science and Technology Press.

Luca V., Alberto F., et al., (2013) De novo transcriptome characterization of Vitis

vinifera cv. Corvina unveils varietal diversity. BMC Genomics: 14 (1): 41-41.

Ma D., Li X, Guo Y., et al., (2016). Cryptochrome 1 interacts with PIF4 to regulate
high temperature-mediated hypocotyl elongation in response to blue light. Proceedings

of the National Academy of Sciences of the United States of America, 113(1):224.

Ma L., LiJ., Qu L., et al., (2011). Light control of Arabidopsis development entails
coordinated regulation of genome expression and cellular pathways. Plant cell, 39(3):

835-861.

MaY., Zhang Y., Lu A., et al., (2010). Roles of plant soluble sugars and their responses
to plant cold stress. African Journal of Biotechnology, 8(10):2004-2010.

Ma Y. P, Dai S. L., (2007). Advances in the molecular mechanism of flowering in

higher plants. Molecular plant breeding, 5:21-28 (In Chinese).

142



Margulies A., Egholm W., (2005). Genome sequencing in microfabricated high-density
picolitre reactors. Nature. 437(7057): 376-380.

Massa D., Kim H., Wheeler M., et al., (2008). Plant Productivity in Response to LED
Lighting. Hortscience, 43(7):1951-1956.

Mathews S., (2006). Phytochrome-mediated development in land plants: red light
sensing evolves to meet the challenges of changing light environments. Molecular

ecology, 15(12): 3483-3503.

Maxwell, K., Johnson, G. (2000). Chlorophyll fluorescence — a practical guide. Journal
of Experimental Botany 51, 659-668.

Mehmet T., Ugur M.D., Ibrahim B., Ibrahim H.K., (2016). RNA-seq analysis of the
transcriptional response to blue and red light in the extremophilic red alga,

Cyanidioschyzon merolae. Functional & Integrative Genomics, 16(6): 657—669.

McCree K., (1972) The action spectrum, absorptance and quantum yield of
photosynthesis in crop plants. Agric Meteorol 9:191-216.

Michael A. F., (1999). Deep Vegetarianism.

143



Morrow R. C., (2008). LED lighting in horticulture. HortScience, 43(7): 1947-1950.

Mortazavi A., Williams B.A., McCue K., Schaeffer L., (2008). Wold B: Mapping and
quantifying mammalian transcriptomes by RNA-Seq.Nat Methods, 5(7):621-628

Motamed M., Florax R., Masters W., (2014). Agriculture, transportation and the timing
of urbanization: Globalanalysis at the grid cell level. Journal of Economic Growth.

19(3): 339-368.

Muneer S., Kim E. J., Park J. S., Lee J. H., (2014). Influence of green, red and blue
light emitting diodes on multiprotein complex proteins and photosynthetic activity

under different light intensities in lettuce leaves. Molecular Sciences, 15(3): 4657-4670.

Nafisi M., Goregaoker S., Botanga, Christopher J., Glawischnig E., Olsen, C. E., H.,
Barbara A., Glazebrook J., (2007). Arabidopsis Cytochrome P450 Monooxygenase
71A13 Catalyzes the Conversion of Indole-3-Acetaldoxime in Camalexin Synthesis.

Plant cell. DOLI: https://doi.org/10.1105/tpc.107.051383

Nhut D.T., Hong L.T.A., Watanabe H., Goi M., Tanaka M., (2003). Growth of
bananaplantlets cultured in vitro under red and blue light-emitting diode (LED) irradi-

ation source. Acta Hortic. 575, 117-124.

Ohyama K., Omura Y., Kozai T., (2005). Effects of air temperature regimes on

144



physiological disorders and floral development of tomato seedlings grown under
continuous light. Hortscience A Publication of the American Society for Horticultural

Science. 40: 1304-1306.

Ouyang F., Mao J. F., Wang J., Zhang S., Li Y. (2015). Transcriptome analysis reveals
that red and blue light regulate growth and phytohormone metabolism in Norway
Spruce [Picea abies (L.) Karst]. PLoS ONE 10: €0127896. 10. 1371/journal.pone.
0127896

Ozsolak F., Milos P. M., (2011). RNA sequencing: advances, challenges and
opportunities. Nat Rev Genet,12(2):87-98.

Pearce G., Moura D. S., Stratmann J., Ryan C.A. Jr., (2001). RALF, a 5-kDa ubiquitous
polypeptide in plants, arrests root growth and development. Proceedings of the National

Academy of Sciences USA, 98(22):12843-12847.

Perrotta G. Ninu L., Flamma F., et al., (2000). Tomato contains homologues of

Arabidopsis cryptochromes 1 and 2. Plant molecular biology, 42(5): 765-773.

Piao X. C., (2002). Effects of environmental factors on growth, tuberization and pho-
tosynthetic characteristics of in vitro and hydroponically grown potatoes. Ph.D Thesis.

Chungbuk National University, Cheongju, South Korea.

145



Platten J. D., Foo E., Elliott R. C., et al., (2005). Cryptochrome 1 contributes to blue
light sensing in pea. Plant physiology, 139(3): 1472-1482.

René van V., (1999). Urban Agriculture for The Future- Urban Agriculture for Green
and Productive Cities. International Institute of Rural Reconstruction International

(RUAF), Development Research Centre.

Roig-Villanova, Irma, Martinez-Garcia, Jaime F. (2016). Plant Responses to Vegetation

Proximity: A Whole Life Avoiding Shade. Frontiers in Plant Science. 7: 236.

Rongchen W. et al., (2003). Microarray Analysis of the Nitrate Response in
Arabidopsis Roots and Shoots Reveals over 1,000 Rapidly Responding Genes and
New Linkages to Glucose, Trehalose-6-Phosphate, Iron, and Sulfate Metabolism.
Plant Physiology. 132 (2): 556-567.

RUAF Foundation, (2002). What is urban agriculture: http://www.ruaf.org/node/513

Ruban A. V. and Horton P., (1999). Mechanism of pH-dependent dissipation of
absorbed excitation energy by photosynthetic membranes. I. Spectroscopic analysis of

isolated light-harvesting complexes. Biochim Biophys Acta. 1102:30-38.

Saebo A., Krekling T., Appelgren M., (1995). Light quality affects photosynthesis and
spectral quality on growth and shoot initiation in tobacco callus. Plant Physiology. 56(1):

146



130-139.

Salisbury FJ, Hall A, Grierson CS, Halliday KJ (2007) Phytochrome coordinates
Arabidopsis shoot and root development. Plant J 50:429-438

Samuoliene G., Sirtautas R., Brazaityte A., et al., (2012). Supplementary red-LED
lighting and the changes in phytochemical content of two baby-leaf lettuce varieties

during three seasons. Journal of Food Agriculture & Environment, 10(10):701-706.

Samuoliene G., Sirtautas R., Brazaityte A., et al., (2012) LED lighting and seasonality
effects antioxidant properties of baby leaf lettuce. Food Chemistry, 134(3):1494-1499.

Savvides A., Fanourakis D., Ieperen W. V., (2012). Co-ordination of hydraulic and
stomatal conductance across light qualities in cucumber leaves. Journal of

Experimental Botany, 63(3):1135-1143.

Schreiber U., Bilger W., Neubauer G., (1994) Ecophysiology of Photosynthesis. (eds
Schulze, E-D and Caldwell, M M.), Springer-Verlag, Berlin.

Seri Nor Nadiah Koris and Hidayatul Akmal Ahmad. Malaysia aims to double its
urban farming communities to 20,000 by 2020, April 22, 2018:
https://www.nst.com.my/news/nation/2018/04/360471/malaysia-aims-double-its-

urban-farming-communities-20000-2020

147



Singh S., Jones P., Shukla R., et al., (2017). High light intensity stress as the limiting
factor in micropropagation of sugar maple (Acer saccharum Marsh.). Plant Cell Tissue

& Organ Culture, 5:1-13.

Smit, J., A. Ratta, and J. Nasr, 1996, Urban Agriculture: Food, Jobs, and Sustainable
Cities. United Nations Development Programme(UNDP), New York.

Somers D. E., Schultz T. F., Milnamow M, et al., (2000). ZEITLUPE encodes a novel
clock associated PAS protein from Arabidopsis. Cell, 101(3): 319-329.

Srinidhi V., Holalu, Scoot A., (2017). The ratio of red light to far red light alters
Arabidopsis axillary bud growth and abscisic acid signaling before stem auxin changes.

Journal of Experimental Botany, 68:943-952.

Stracke R., Favory J. J., Gruber H., et al., (2010). The Arabidopsis bZIP transcription
factor HYS regulates expression of PFGI/MYB12 gene in response to light and

ultravioloet-B radiation.

Su X. D.,Mal., Wei X. P, Cao P.,, Zhu D., Chang W., Liu Z., Zhang X., Li M., (2017).
Structure and assembly mechanism of plant C2S2Mz-type PSII-LHCII supercomplex.
Science, 357 (6353): 815-820.

Suparwoko, Betri T., (2016). Urban farming construction model on the vertical building

148



envelope to support the green buildings development in Sleman, Indonesia. Procedia

Engineering. 171: 258-264.

Sustainable Finance Geneva, (2010). Food Scarcity-Trends, Challenges, Solutions,

2010. https://www.sfgeneva.org/doc/100705 FOOD SCARCITY 11 05.pdf

Symposium on Environment Control Technology for Value-added Plant Production,

Beijing, China. Aug. 27-30.

Shunichi T., Murray R. B., (2010). Photoprotection in plants: a new light on
photosystem II damage. Trends in Plant Science, 16 (1): 53-60.

Talboot L. D., Zeiger E., (1993). Sugar and organic acid accumulation in guard cells of

Vicia faba in response to red and blue light. Plant Physiology, 102: 1163-1169.

Tennessen D. J., Singsaas E. L., Sharkey, T. D., (1994). Light-emitting diodes as a light
source for photosynthesis research. Photosynth. Res., 39: 8§5-92.

Thebo A. L., Drechsel P., Lambin E., (2014). Global assessment of urban and peri-urban

agriculture: irrigated and rainfed croplands. Environ Res. Lett. 9(11): 1-9.

Tim S., Richard W., Craig H., Janet R., Patrice D., Emily M., (2018). Creating a

149



Sustainable Food Future: A Menu of Solutions to Feed Nearly 10 Billion People by
2050 (Synthesis Report), World Resources Institute.

Tzvetkova-Chevolleau T., Franck F., Alawady A. E., Dall’Osto L., Carriere F., Bassi R.,
Grimm B., Nussaume L., Havaux M., (2007). The light stress induced protein ELIP2 is
a regulator of chlorophyll synthesis in Arabidopsis thaliana. Plant J, 50: 795-809.

Van K. O., Shel J. F. H., (1990). Photosynthesis Research, 25: 147-150.

Venturini L., Ferrarini A., Zenoni S., et al., (2013). De novo transcriptome
characterization of Vitis vinifera cv. Corvina unveils varietal diversity. Bmc Genomics,

14(1):41.

Vierstra R. D., and Zhang J., (2011). Phytochrome signalling: solving the Gordian knot

with microbial relative. Trends in plant science, 16(8): 417-426.

Wang H.,Gu M.,Cui J., et al., (2009). Effects of light qualityon CO> assimilation,
chlorophyll-fluorescence, quenching, expression of Calvincycle genes and
carbohydrate accumulation in Cucumis sativus. Photochem.Photobiol. B Biol., 96: 30-

37.

150



Wang X., Wang H., Wang J., Sun R., Wu J., Liu S, Bai Y., Mun J. H., Bancroft I., Cheng
F., (2011). The genome of the mesopolyploid crop species Brassica rapa. Nat
Genet,43(10):1035-1039.

Wang Y. L., Wang X. L., Yue M., (2000). Effects of supplementary ratiation of UV-B
and red light on fruit quality of tomato in winter plastic greenhouse. Acta Botanica

Boreali-Occidentalia Sinica. 20(4): 590-595.

Wei T., Zheng Y., Dong J., (2016). Comprehensive transcriptome profiling reveals long
noncoding RNA expression and alternativesplicing regulation during fruit development

and riening in kiwi fruit (Actinidiachinensis). Front Plant Sci., 7(3): 335-342.

Wen J., Bao S., Yang Q., Cui H., et al., (2009). Influence of R/B ratio in LED lighting
on physiology and quality of lettuce. Chinese Journal of Agrometeorolog. 30(3): 413-
416.

Wen J., Li Q., Li S., Rong L., Tang L., Li R., (2016). Growth and chlorophyll
fluorescence parameters of Dendrobium officinale exposed to different LED light

qualities. Journal of Jiangsu Agriculture. 32(04): 910-916.

Wierstra 1., Kloppstech K., (2000). Differential effects of methyl jasmonate on the
expression of the early light-inducible proteins and other light-regulated genes in barley.

Plant physiol, 124: 833-844.

151



Wilhelm B.T., Marguerat S., Watt S., Schubert F., Wood V., Goodhead I., Penkett C.J.,
Rogers J., Bahler J., (2008). Dynamic repertoire of a eukaryotic transcriptome surveyed

at single-nucleotide resolution. Nature,453(7199):1239-1243

Will V., Hannah W., (2019). Beyond feeding the city: The multifunctionality of urban
farming in Vancouver, BC. City, Culture and Society. 16 (2019): 36-44

World Resources Institute, (2019). Creating sustainable food future: https://wrr-
food.wri.org/sites/default/files/2019-07/creating-sustainable-food-future 2 5.pdf

World Urbanization Prospects 2018 - More megacities in the future:
https://www.un.org/development/desa/publications/graphic/world-urbanization-

prospects-2018-more-megacities-in-the-future

Xia Z., Xu H., Zhai J., et al., (2011). RNA-Seq analysis and de novo transcriptome
assembly of Hevea brasiliensis. Plant Mol Biol, 77: 299-308.

Xu K., Guo Y. P, Zhang S. L., (2005). Effect of light quality on photosynthesis and
chlorophyll fluorescence in strawberry leaves. Scientia Agricultura Sinica, 38(2): 369-

375.

Yang Y. T, Cheng R. F., Yang Q.., Xiao P., (2010). Impact on the quality of sweet
potato seedlings and energy-saving effect of LED light sources of different R / B

152



treatment. Chinese Journal of Agrometeorology. 31(4):546-550

Yang Z., Chieri K., Chia P. L., Murat K., (2012). Effect of end-of-day far-red light
from a movable LED fixture on squash rootstock hypocotyl elongation. Scientia

Horticulture. 136: 81-86.

Yanovsky M. J., Casal J. J., Whitelm G. C., (1995). Phytochrome A, phytochrome B
and HY4 are involved in hypocotyl growth responses to natural radiation in
Arabidopsis: weak de-etiolation of the phyA mutant under dense canopies. Plant cell

and environment, 18: 788-794.

YuR. C.,FabY. P, Li M. Q., (2002). Study on relationship between photorespiration

and nitrogen metabolism. Scientia Agricultura Sinica, 35 (1): 49-52.

Yun K., Michael S., Michael A. D., Youbin Z., (2018). Blue light associated with low
phytochrome activity can promote elongation growth as shade-avoidance response: A
comparison with red light in four bedding plant species. Environmental and

Experimental Botany, 155: 345-359.

Zeiger E., Lino M., Ogawa T., (1985). The blue light response and some mechanistic
implications. Photochemistry and photobiology. 42: 759-763.

Zeiger E., Field C., Mooney H., (1981). A. Stomatal opening at dawn: Possible roles

153



of the blue light effect in nature. Plants & the Daylight Spectrum:391-407.

Zhang S. R., (1999). A discussion on chlorophyll fluorescence kinetics parameter and

their significance, Chinese bulletin of botany, 16 (4) :444-448

Zhang Y., Yu Q., Jiang N, et al., (2017). Clathrin Regulates Blue Light-Triggered
Lateral Auxin Distribution and Hypocotyl Phototropism in Arabidopsis. Plant Cell &
Environment, 40(1):165-176.

Zhao G., Pan Y., Yang Y., Chen L. P., Han M. L., (2013) Led light application and

prospects in horticulture production. Zhejiang agriculture science. 9: 1110-1112.

Zhou J., Ding G., He J., et al., (2014). Effect of Light Quality on the Growth of Tissue
Culture Chlorophyll and Chlorophyll Fluorescence in Anoectochilus roxburghii.
Journal of agronomy, 5(05): 67-72.

154



Appendix 1. RNA extraction

Preparation

A. Required reagents:

Chloroform and Isopropyl alcohol, analytically pure;
75%, 80% and 100% Ethanol;
RNease-free water

TRIzol reagent;

B. Required equipment:

Micropipettors;
Vortex mixer;
Refrigerated centrifuge;

Incubater;

RNA isolation
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1)

2)

3)

4)

5)

6)

7

8)

9)

Grand the tissue with liquid nitrogen, carefully collect the tissue into

centrifuge tube, then add TRIzol for 1 ml per 100mg tissue.

Centrifuge the samples with 13,000 xg for 15mins, at the tempreture of 2 to

8 degree.

Transfer the supernatant, add 200pul chloroform (per 1 ml TRIzol used).

Shake the tubes for 15s on the mixer, incubate it at 30 degree for 15mins;

Centrifuge the samples with 12,000xg for 15mins, at the tempreture of 2 to

8 degree.

Transfer top aqueous to new centrifuge tube, then repeat from step 3);

After repeating step 3), add 500 ul isopropyl alcohol per 1ml TRIzol;

Incubate the sample at 30 degree for 10mins, centrifuge at 12,000xg for

10mins at 5 degree.

Remove the supernatant carefully with micropipettors, wash the RNA pellet
with 1 ml 75% ethanol per 1 ml TRIzol, centrifuge at 7,500 xg for 5mins at 5

degree.

10)Air dry the RNA pellet. Dissolve in 50ul RNease-free water, shaked with

mixer for 5 mins, then incubate it for 10mins at 60 degree.
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DNA clean up

1)

2)

Mix 2.5ul DNase | stock solution with 10 pl RDD buffer;

Add the mixed reagent to RNA solution, incubate it for 15 mins at 30 degree;

RNA clean up

1)

2)

3)

4)

5)

6)

Adjust the RNA solution to 100ul with RNase-free water, add 350ul RLT
buffer;

Add 250ul 100% ethanol, shake the samlpe by mixer for 5mins.

Apply 700 ul sample to RNeasy MinElute Spin Column, centrifuge it for 15s
at 8,000xg, discards the flow-through;

Transfer the spin column into new 2ml tube, add 500ul buffer RPE,

centrifuge for 15s at 8,000 xg, discards the flow-through.

Add 500ul 80% ethanol, centrifuge for 2mins at 8,000xg;

Transfer the column into a new 2ml tube, open the cap and directly put into
centrifuge for full speed spin for 5 mins.
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7) Transfer the column to a new 1.5ml tube, add 14pl RNase free water,

centrifuge at full speed for 1 min.
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Appendix 2. Annotations of selected genes in Table 4. 3. 2

Feature ID Gene symbol Annotations
Brara.B01738 PSBY, YCF32 photosystem Il BY
photosystem |l reaction center PSB28
Brara.A00858 PSB28 protein
Brara.A01166 o photosystem Il subunit QA
Brara.J00193 PSB27 photosystem Il family protein
Brara.H00652 PSBX photosystem Il subunit X
LHCB2, photosystem Il light harvesting complex
Brara.F03187 | | |1cB2 3. HCB2.4 gene 2.3
Brara.F00021 PSAG photosystem | subunit G
Brara.H02525 CP24 LHCB6 light harvesting complex photosystem II
) ' subunit 6
Brara.l03747 LHCA1 photosystem | light harvesting complex
) gene 1
Brara.G00547 PSAF photosystem | subunit F

Brara.H02384

LHCA2*1, LHCAG6

photosystem | light harvesting complex

gene 6
Brara.C04035 | LHCB2, LHCB2.1 photosystem Il 'g'lgerr‘]teh;r;’e“'”g complex
LHCB2, photosystem Il light harvesting complex
Brara.B03307 | | oBo 3 HCB2.4 gene 2.3

photosystem | reaction center subunit PSI-

Brara.l00765 PSAN N, chloroplast, putative / PSI-N, putative
(PSAN)

Brara.E02107 PSBTN photosystem Il subunit T

AB140,
Brara.l02857 CAB1,CAB140,LHC chlorophyll A/B binding protein 1
B1.3

Brara.l02817 PSAK photosystem | subunit K

Brara.C03812 PSBTN photosystem Il subunit T

Brara.A00845 PSAE-2 photosystem | subunit E-2

Brara.l04910 CP24, LHCB6 light harvesting compl_ex photosystem Il
subunit 6

Brara.J00467 PSBW photosystem Il reaction center W

Brara.G00467 PSBX photosystem Il subunit X
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Brara.E03123 LHCB4.2 light harvesting complex photosystem II

Brara.F01095 CP24. LHCB6 light harvesting comp!ex photosystem |l
subunit 6

AB140,
Brara.D02090 CAB1,CAB140,LHC chlorophyll A/B binding protein 1
B1.3

Brara.A02793 PSBTN photosystem Il subunit T

Brara.H01891 PSAK photosystem | subunit K

Brara.F00256 Photosystem Il 5 kD protein

Brara.|04677 PSB29, THF1 photosystem Il rperifélic;]n center PSB29

photosystem | reaction center subunit PSI-

Brara.F02286 PSAN N, chloroplast, putative / PSI-N, putative

(PSAN)
PSAP, PSI-P,

Brara.E00101

PTACS8, TMP14

photosystem | P subunit

Brara.H02952

OE23, OEE2, PSBP-

photosystem Il subunit P-1

1, PSII-P
Brara.E01452 PSAG photosystem | subunit G
LHCB2, LHCB2.3, photosystem Il light harvesting complex
Brara 100297 LHCB2.4 gene 2.3
Brara.H00553 PSAL photosystem | subunit |
Brara.E01277 PSBW photosystem Il reaction center W

light-harvesting chlorophyll B-binding

Brara.J00907 LHCB3, LHCB3*1 .
protein 3
PSAP, PSI-P, .
Brara.D02820 PTACS TMP14 photosystem | P subunit
Brara.F00523 PSAO photosystem | subunit O
Brara.D01828 PSBW photosystem Il reaction center W
Brara.B00018 LHCB4.2 light harvesting complex photosystem Il
Brara.G01647 LHCA1 photosystem | light harvesting complex
gene 1
Brara.H00039 PSAG photosystem | subunit G
Brara.H00722 PSAF photosystem | subunit F
Brara.C02638 LHCB5 light harvesting complex of photosystem 11 5
Brara.l02744 PSAF photosystem | subunit F
Brara.H01465 PSAE-2 photosystem | subunit E-2
Brara.l05310 PSAO photosystem | subunit O
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photosystem | light harvesting complex

Brara.A02541 LHCA3
gene 3
Brara.l02349 LHCBS light harvesting complex of photosystem Il 5
Brara.D00751 PSAL photosystem | subunit |
Brara.E00573 LHCB4.3 light harvesting complex photosystem Ii
Brara.F00205 PSAHl;éfHSAHZ’ photosystem | subunit H2
MSP-1, OE33,

Brara.B03997 | OEE1,0EE33,PSBO PS Il oxygen-evolving complex 1

-1,PSBO1

PSAH-2, :
Brara.H00177 PSAH2,PSI-H photosystem | subunit H2
Brara.E01976 ELIP, ELIP1 Chlorophyll A-B binding family protein
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