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Foreword

We are at the beginning of a technological revolution that will have immense
long-term impact on all of our lives. The majority of all of the lighting in the world
is transitioning from conventional lighting technologies: incandescent, fluorescent,
metal-halide, and low- and high-pressure sodium to LED lighting. In the USA.,
LED lighting technology is projected to reduce the total energy budget, which
includes all primary energy consumption, by 5% by 2035. This is a massive energy
saving that equates to about $50B per year in energy savings in 2035, not to
mention all of the benefits of CO, reduction associated with this savings.

While the initial driver for this shift was improved energy efficiency and
resulting energy savings, the value proposition for LED lighting technology has
moved well beyond this initial and important benefit. Not only is LED technology
more efficient than conventional sources, it is longer lived and can provide
improved lighting performance across the board. Due to their improved efficiency,
LEDs run cooler reducing thermal load on heating, ventilation, and air-conditioning
“HVAC” systems. They have smaller optical source size, enabling improved
control of optical distribution. They can last 50,000 h or more. They can be turned
on and off instantaneously, and they are fundamentally dimmable. Finally, the
spectral power density of the emitted light can be finely engineered and even made
to be actively tunable. At this time, early 2017, most products do not fully engage
all of these advancements due to cost, form factor, or engineering trade-offs, but
consumers are learning to expect more and developers of LED technology are
rapidly improving the lighting value with fewer compromises out of their lighting
products.

The same technology advancements that are improving general illumination are
also being applied to other lighting applications, in particular the use of LED
lighting for controlled environment agriculture. LED lighting technology enables a
more highly controlled growth environment that can improve productivity and
control of the horticultural product. LED lighting may even enable new crops to be
effectively produced in controlled environments. New levels of control over spectral
power distribution, optical intensity distribution, form factor, and active color
tuning can be used to tailor the light to specific crops, improve productivity,
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viii Foreword

and control aspects of the plant growth such as height, bushiness, and color or
nutritional content. As these new levels of control are being explored for various
plant growth and development applications, increasing the value of the light, the
cost of LED lighting products continues to decrease.

Not only can the features of LED lighting be used to improve production but the
new control can also be used as a highly configurable research tool to refine our
knowledge of plant physiological responses to light at a rapid pace. This book
serves to connect the latest research in plant and biological responses to light with
developments in LED lighting technology. There is a vast range of plant physio-
logical responses to light for a vast range of plant species and cultivars. And now
we have a vast range of control over the light they experience in terms of color,
intensity, optical distribution, and changes in these factors over time. Understanding
and harnessing the impacts of LED lighting on agriculture requires a long-term
research effort. This book provides a range of research results in terms of lighting
attributes, plant and cellular physiological responses, and even economics of
lighting for controlled environment agriculture. Configurable LED lighting is now
relatively inexpensive, allowing for researchers across the globe to conduct
meaningful experiments and add to the body of knowledge for this important topic.
Academic, commercial, and neophyte researchers can use the research described in
this book as a starting point for their own research efforts.

This book contains fourteen chapters, contributed by pioneers who are leading
the emergence of LED technology for controlled environment agriculture across the
globe. The chapters follow a sequence from fundamental features of LED, their use
as supplemental lighting system, economics and various applications in controlled
environment agriculture and their role in regulating plant morphogenesis both
in vivo and in vitro. I am confident that the present book will motivate plant
scientist and biotechnologists to enter into this fascinating field of application of
semiconductor lighting technology for the improvement of plant growth and
development.

The use of LED lighting for agricultural/horticultural applications has profound
implications for our world. LED lighting is a key and enabling component of
controlled environment agriculture, which allows for growth of crops in new
regions of the world at any time of year. This changes how crops and growth
locations are chosen with respect to targeted markets. Energy, water, chemical, and
nutrient inputs for plant growth are also dramatically changed with controlled
environment agriculture. The long-term impacts on our global food supply are
likely to be more localized production, increased self sufficiency, more nutritious
produce available year-round, and increased opportunity for consistent small-scale
food production, just to name a few of the likely impacts. While the full global
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impact of LED-enabled controlled environment agriculture with the knowledge of
role of light in plant morphogenesis is difficult to anticipate, LED-regulated plant
growth and development are certainly poised to play an expanded role in how the
world gets its food and understanding the concepts put forth in this book will be
critical to making this vision a reality.

P. Morgan Pattison, Ph.D.
President and Founder of

Solid State Lighting Services, Inc.
Senior Technical Advisor

United States Department of Energy
Solid State Lighting R&D Program
Washington, USA



Preface

Light plays a pivotal role in regulating plant growth and development. Both quality
and intensity of light as well as the photoperiod are very critical for plant mor-
phogenesis. The significance of plant photoreceptors as key regulatory proteins that
govern metabolic events and developmental changes within plants has been well
documented. Complex, multiple photoreceptor systems respond to light and thereby
regulate plant morphogenetic changes, functioning of the photosynthetic apparatus,
and the trend of metabolic reactions. Moreover, photooxidative changes evoked by
lighting condition may lead to the altered action of antioxidant defense system.
Thus in combination with other agro-technical means, light, creating the mild
photo-stress, might be an effective tool for phytochemical rich plant cultivation.

Crop failure due to unpredictable climate change is a matter of global concern.
Threats such as pest attacks and diseases further aggravate the uncertainty of crop
yields. Geo-climatic limitations of traditional agriculture and its dependence on
environmentally hazardous fertilizers and pesticides have impelled the advance-
ments in controlled environment farming techniques. The concept of controlled
environment agriculture in greenhouses and closed plant production system has
emerged as a reliable and sustainable alternative means of crop production. These
“plant factories” for vertical farming are now becoming an indispensable part of the
global food security system. However, the feasibility and sustainability of such
systems are largely dependent on the power requirements. The large power
requirements mainly from the electric lamps that provide the actinic light which
drives the light reactions of photosynthesis, accounting for 40% of the recurring
cost of plant factories, are the major bottlenecks to make controlled environment
agriculture profitable.

The light source generally used for controlled environment agriculture is
fluorescent light, metal-halide, high-pressure sodium, and incandescent lamps.
Among them, fluorescent lamp has been the most popular. However, these lighting
systems have a wide range of wavelengths from 350 to 750 nm and are of low
quality for promoting plant growth and development. They also emit light with low
photosynthetic photon flux and had limited lifetime of operation which restricts
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xii Preface

their utilization in plant lighting systems when the goal is to sustain high crop
productivity.

The steady development of the light-emitting diode (LED) technology with the
emergence of new types of semiconductor materials has made it possible to apply it
in an increasing number of new areas including plant growth and development. As
an alternative to conventional lighting system, LED has been demonstrated to be an
artificial smart lighting source for controlled environment agriculture and in vitro
studies of plant morphogenesis. Various morphological, anatomical, and physio-
logical attributes of plants grown both in vivo and in vitro have found to be regulated
by spectral properties of LED. Apart from its regulatory role in plant growth and
development, LED affects the amplification of functional components which con-
tribute toward the selective control of antioxidative attributes. Since the LED emits
over specific spectral regions, they can be used to regulate the levels of photosyn-
thetically active and photomorphogenic radiation necessary for plant growth and
development. This feature allows implementation of LED with specific spectral
ranges that are involved in plant responses and also ensures the independent control
of each spectral range and precise manipulation of spectral quality and light inten-
sity. The flexibility of matching wavelengths of LED to plant photoreceptors may
provide optimal production influencing plant morphology and metabolism. These
solid-state light sources are therefore ideal for use in plant lighting designs for
controlled environment agriculture as well as for studies on photomorphogenesis.

The present book aims to present a comprehensive treatise on the advancements
made in the use of LEDs for sustainable crop production and to describe research
achievements on photomorphogenesis. This book introduces readers to the funda-
mentals and design features of LEDs applicable for plant growth and development
and illustrates their various advantages over the traditional lighting systems with
cost analysis. It contains 14 chapters, and organizes the information in order to
present a wide spectrum of applications of LEDs covering a diverse domain of plant
sciences relevant to controlled environment agriculture and in vitro plant mor-
phogenesis. The scope of this book has been expanded by including chapters that
deal with the role of LEDs in regulating cellular redox balance, nutritional quality,
and gene expression. The chapters are written by a team of international experts
who are pioneers, and have made significant achievements in this emerging inter-
disciplinary enterprise. I am indebted to the chapter contributors for sharing their
research outcomes and kind support. I am grateful to Dr. P. Morgan Pattison for
sparing his valuable time to write the “Foreword.” Thanks are also due to Mr. Arjun
Karmakar and Ms. Nirlipta Saha for their help in checking the cited references.

It is the invisible inspiration and encouragement of my beloved wife Rina
(Dr. Rina Dutta Gupta) that raise me up to take the task of compilation of this book
on LED lighting and their impacts on plant growth and development. She holds the
light from her heavenly abode throughout the path of my endeavor and no words
can describe and acknowledge such bestowed strength which motivates me.

Kharagpur, India S. Dutta Gupta
February 2017



Contents

1  Artificial Lighting System for Plant Growth and Development:
Chronological Advancement, Working Principles,

and Comparative Assessment. . ............................. 1
S. Dutta Gupta and A. Agarwal
1.1 Introduction ............ ... ... ..t 1
1.2 History of Development and Working Principles
of Conventional Lamps. . . ......... .. ... ... ... ....... 4
1.2.1  Incandescent Lamps (ILs) . ...................... 4
1.2.2  Gas Discharge Lamps (GDLs). .. ................. 6
1.3  Light-Emitting Diodes (LEDs) . ... ........ ... ... ... ..... 12
1.3.1 Development of LED Technology. ................ 12
1.3.2  Structure and Working Principle of LED. ... ... ... .. 14
1.4  Comparative Assessment of the Different Artificial
Lighting Systems . . .......... . . i 16
1.4.1  Spectral Quality. .. ....... ... ... ... .. .. . ... 17
1.42  Luminous Efficacy and Power Requirement . ........ 18
143 Heatingofthe Lamp........................... 21
1.44 Life Span, Dimming, Directionality, Robustness,
and Safety . . .......... .. ... 22
1.5 Conclusions . ............. . i 23
References. . .. ... 24
2 LED Supplementary Lighting .............................. 27
Yasuomi Ibaraki
2.1 Introduction .............. .. .. ... 27
2.2 Advantages of LED for Supplementary Lighting Systems . . . .. 28
2.3 Supplementary Lighting for Photosynthesis . ............... 29
2.4  Supplementary Lighting for Controlling Morphogenesis. . . . . . . 30
2.5  Supplementary Lighting for Other Purposes................ 31
2.5.1 Protection from Plant Disease . . ... ............... 31

Xiii



Xiv

Contents
2.5.2  Improving the Concentration of Functional
Components. . . ... 31
2.6  Evaluation of the Efficiency of Supplementary Lighting. ... ... 32
2.6.1  Methods for Evaluation of the Efficiency of
Supplementary Lighting. . . ...................... 32
2.6.2  Practices to Increase the Efficiency of Supplementary
Lighting. . .. ... ... . 33
2.7 Conclusion . .. ... 34
References. . .. ... ... 35
Influence of Light-Emitting Diodes (LEDs) on Light Sensing

and Signaling Networks in Plants .. ......................... 37
T. Pocock
3.1  Introduction . ............ ... ... 37
3.2 Characteristics of LED Systems that Can Activate Plant
Networks . .. ..o 41
3.3 Mimickingthe Sun. .. ...... .. ... .. ... ... 42
3.4  Integration of Plant Biology into Engineered
Lighting Systems . ... ... 44
3.5 Sensing and Signaling Networks: What Are They
and How Do They Work? ........ ... ... ... . ... ..... 46
3.5.1 Photosynthetic Sensing and Signaling Networks:
Photosynthetic Control .......... ... ... ... ... ... 46
3.5.2 Photoreceptor Sensing and Signaling Networks:
Photoreceptor Control . . ........... ... ... ....... 50
36 Conclusion . ......... ... ... 52
References. .. ... .. ... . 53

Optimizing LED Lighting in Controlled Environment

Agriculture. . .. ... ... 59
Marc W. van lersel
4.1  Introduction ............... .. ... 59
4.2 Benefits of LEDs as Grow Lights. ... .................... 60
42.1 Lack of Radiant Heat ............. ... ... ... .... 61
422  Control of Light Spectrum. . . .................... 62
423  Controllability of LEDs. . ....................... 63
4.3  Optimizing Lighting Control. . .. ........................ 63
4.3.1 How Much Light Is Optimal? .. .................. 64
4.3.2  Chlorophyll Fluorescence as a Tool to Monitor
Crop Performance . .. ........ ... ... ... ... ... ... 67
4.3.3  Revisiting the Optimal Spectrum for Photosynthesis. . . . . 69
4.3.4  The Importance of Far-Red Light . ................ 71
4.3.5 Does Green Light Enhance Photosynthesis? . ........ 73

4.3.6  Adaptive Control of LED Lights. ................. 74



Contents XV

4.3.7  Biofeedback Control of LED Lights ............... 75
4.4 ConcClusions . . ........... i 77
References. . .. ... .. 78
Economics of LED Lighting . . . ............................. 81
Bruce Bugbee
5.1 Introduction ......... ... ... ... 81
5.2 Economics of LED Lighting: Initial Analysis in 2014 . ....... 82
5.3  The Best Measure of Electrical Efficiency for Plant

Growth Is pmoles per Joule . . ......... ... ... ... ... .... 82
5.4  The Value of Focused Photons from LED Fixtures .......... 83
5.5 Unique Characteristics of LED Fixtures . ... ............... 84
5.6  Advances in LED Efficacy Since 2014. ... ... ... ... .. ... 85
5.7  Definition of Efficacy and Efficiency ..................... 86
5.8  Thermal Effect of Electric Lighting Technologies. .. ......... 86

5.8.1 Effects of Elevated CO, on Leaf Temperature. . . ... .. 89

5.8.2  Effect of Light Technology on Shoot

Tip Temperature . . .......... ... ... .. ......... 89
5.8.3  Effect of Light Technology on Fruit
and Flower Temperature . . ...................... 89

5.9  Spectral Effects on Single Leaf Photosynthesis. . ............ 89
5.10 Determining Whole Plant Net Photosynthesis from Crop

Growth Rate and Leaf AreaIndex ............. ... ... .... 91
5.11 The Importance of Radiation Capture Efficiency ............ 92
5.12 Spectral Effects on Single Leaf Photosynthetic Efficiency. . . . . . 92
5.13 Effect of Fraction of Blue Light on Growth . ... ............ 93
5.14 Effect of Blue Light Fraction on Development. ............. 93
5.15 Effect of Green Light Fraction on Photosynthesis

and Growth. . .. ... . .. 93
5.16 Conclusions . ...... ... ... .. ... ... 96
References. ... ... .. 97

An Overview of LED Lighting and Spectral Quality

on Plant Photosynthesis . .................................. 101
Most Tahera Naznin and Mark Lefsrud

6.1 Introduction ............ .. ... ... 101
6.2  Light-Emitting Diodes (LEDs) . .......... ... ... ... ...... 102
6.3  Photosynthetic Reaction . . ............... ... .. ... ..... 103
6.4  Photosynthetic Pigments. . ........... ... ... .. .. ... ... 106
6.5 Effects of LEDs on Chlorophyll Fluorescence .............. 107
6.6 LEDs on Plant Photosynthesis and Growth ................ 108
6.7 Conclusion .. ........ ... . .. ... 109

References. . . ... ... . 109



XVi

Contents

LED Lighting in Horticulture. . ... ...... ... ... ... ... ... ....
Akvilé Virsile, Margit Olle and Pavelas Duchovskis
7.1  Introduction . ............ ... ...
7.2 The Concept of Horticultural LED Lighting
and Its Emergence . ........... . ... ... ... .. ... ...
7.2.1  The Concept of Light Spectral Efficiency ...........
7.2.2  LEDs in Greenhouse and Closed Environment
Horticulture . . .. ... .. .. ... .
7.3  LEDs Versus High-Pressure Sodium Lighting ..............
7.4  LED Lighting for Main Horticultural Crops . ...............
T4 1  MICrOZIeens. . ..o v et
7.4.2  Lettuce and Other Leafy Greens . .................
743 Vegetable Transplants . . .......... ... ... ... .....
7.44  Greenhouse Vegetable Production. ................
7.4.5 Ornamental Plants . .......... ... ... . ... .......
7.5 ConcClusions . . ... ...
References. .. ... .

Light-Emitting Diodes (LEDs) for Improved

Nutritional Quality . .................... ... ... .. ... .......
Giedré Samuoliené, Ausra Brazaityté and Viktorija Vastakaité

8.1 Introduction ......... ... ... ... ..
8.2  Phenolic Compounds . ............... .. .. ...
8.3 Carotenoids. . ......... ...
84 Tocopherols . ........ ... . . .
8.5 Ascorbic Acid. . ........ ...
8.6 Conclusions . ........ ... ..
References. . . ... . .

Light-Emitting Diodes in Postharvest Quality Preservation
and Microbiological Food Safety . ...........................
Craig D’Souza, Hyun-Gyun Yuk, Gek Hoon Khoo and Weibiao Zhou
9.1 Introduction ............. .. ...
9.2 Brief Recapitulation of LED Technology and the Measurement
of Light .. ... ..
9.3  LEDs in Postharvest Quality Preservation of Fruits
and Vegetables . . ....... ... .. ... . ...
9.3.1 Delay of Senescence in Vegetables Through LEDs. . . .
9.3.2  Enhancement of Nutritional Status of Vegetables
and Fruits Through LEDs .. .....................
9.3.3  Accelerating or Delaying the Ripening of Fruits
Using LEDs. .. ... ...
9.3.4  Preventing Fungal Spoilage Through LEDs. . ... ... ..
9.3.5 Evaluation of LEDs in Postharvest Preservation . . . . ..

195
196



Contents

10

11

94 LEDsin Food Safety . ........... .. ... ... .. ... .. .....
9.4.1 PDI Using Exogenous Photosensitizers. . ...........
9.4.2  PDI Through Endogenous Photosensitizers..........
943 UVLEDS ..... ...
9.4.4  Photocatalytic Oxidation Using LEDs. .. ...........
9.4.5  Effect of PDI Treatments Using LEDs on Food
Products. . ........ .. ... .
9.4.6  PDI in Decontamination of Food Surface Through
Packaging Materials Using LEDs . ................
9.47  Evaluation of Role of LEDs in Microbiological
Food Safety. .......... .. .. ... ... ... .. .. .....
9.5 Conclusion ....... ... ... ..
References. . .. ... ...

Regulation of Gene Expression by LED Lighting. . .. ......... ..
S. Dutta Gupta and S. Pradhan
10.1 Introduction . ........ ... ... ...
10.2 LED-Regulated Gene Expression ... .......... ... ... .....
10.2.1 LED-Regulated Gene Expression of Photoreceptors
and Auxin Responsive Factors .. .................
10.2.2 LED-Induced Gene Expression of Carotenoid
Biosynthesis .......... .. ... .. .
10.2.3 Regulation of Gene Expression Involved in Flavonoid
Biosynthesis by LED Lighting ...................
10.2.4 LED Effects on Gene Expression Associated
with Ascorbate Metabolism. .. ...................
10.2.5 LED-Induced Defense and Transcript of Defense
GeNES . . vttt
10.3 ConcClusions ... ...t
References. . .. ... ...

The Influence of Light-Emitting Diodes (LEDs)
on the Growth, Antioxidant Activities, and Metabolites
in Adventitious Root of Panax ginseng C.A. Meyer . ............
Bimal Kumar Ghimire, Jae Geun Lee, Ji Hye Yoo,
Jae Kwang Kim and Chang Yeon Yu
11.1 Introduction ........... ... ... ... it
11.2  Culture Establishment and Light Treatments. . ..............
11.3  Measurement of Electron Donation Ability and Analysis

of Metabolites. . . ......... ... ... ... . . ..
11.4 Influence of LEDs on the Growth of Adventitious Roots. . . . ..
11.5 Analysis of Phenolic Acids in Adventitious Roots . .. ........

217

251



XViii Contents

11.6  Analysis of Lipophilic Compounds in Adventitious Roots . . . . .
11.7 Effect of Different LEDs on Radical Scavenging Activity . . . ..
11.8 ConcClusion . .. ... ..
References. ... ... ...

12 Influence of LED Lighting on In Vitro Plant Regeneration
and Associated Cellular Redox Balance. . . ................ .. ..
S. Dutta Gupta and A. Agarwal
12.1 Introduction . .......... ... ... .. it
12.2 Impact of LEDs on In Vitro Plant Regeneration. . ...........
12.2.1 Effects of LED Lighting on Shoot Organogenesis
and In Vitro Plantlet Development . ...............
12.2.2 Influence of LEDs on Somatic Embryogenesis . . ... ..
12.2.3 Effect of LED Irradiations on Ex Vitro
Acclimatization . . . .............. ...
12.3  Effect of LEDs on ROS Regulatory Mechanisms
During In Vitro Plant Morphogenesis and Ex Vitro
Acclimatization. . . ............ .. .. ... . .
12.4 ConcClusions . . ... ... ...t
References. . .. ... ..

13 Impact of Light-Emitting Diodes (LEDs) on Propagation
of Orchids in Tissue Culture . ..............................
E. Hanus-Fajerska and R. Wojciechowska
13.1 Introduction ............. ...ttt
13.2 The Modes of Propagation Under In Vitro Conditions

Using Representatives of Orchidaceae ....................

13.3 The Role of Light in the In Vitro Propagation of Orchids . . . ..
13.4 Application of LED Light in Improving Tissue Culture

of Orchids. . . ... . .
13.5 ConcluSions . . ........ i
References. . ... ... .. .

14 LEDs and Their Potential in Somatic Embryogenesis

of Panax vietnamensis Ha et Grushv.. . ... ... ... ... ... ... ... .
Duong Tan Nhut, Nguyen Phuc Huy, Hoang Thanh Tung,

Vu Quoc Luan and Nguyen Ba Nam

14.1 Introduction .......... ... ... .. i
14.2 Establishment of Callus Cultures and Growth of Callus. ... ...
14.3  Development of Embryogenic Cultures ...................
14.4 Plantlet Development . .. ............ ... ... . ... .......
14.5 Influence of LEDs on Saponin Accumulation. . .............
146 ConClusion . .. ... ... ..
References. .. ... ...



About the Editor

Dr. S. Dutta Gupta is currently a Professor in the Department of Agricultural and
Food Engineering, Indian Institute of Technology Kharagpur, Kharagpur, India. He
has been engaged in teaching and research on plant biotechnology for more than
30 years. He is a pioneer in the application of artificial intelligence and imaging
techniques in plant tissue culture system and brings engineering—plant tissue culture
link to a new dimension of understanding. He has also made a significant contri-
bution to light-emitting diode (LED)-assisted modifications of oxidative status
during shoot organogenesis. Dr. Dutta Gupta has received fellowships from various
agencies and governments such as the United States Department of Agriculture
(USDA), Lockheed Martin, the Ministry of Human Resource Development
(MHRD), the Indian National Science Academy (INSA), the Council of Scientific
and Industrial Research (CSIR), the Department of Science and Technology (DST),
the Czech Academy of Sciences, and the Japan Society for the Promotion of
Science (JSPS). He has published more than 100 scientific articles and edited four
books.

XiX



Chapter 1

Artificial Lighting System for Plant
Growth and Development: Chronological
Advancement, Working Principles,

and Comparative Assessment

S. Dutta Gupta and A. Agarwal

1.1 Introduction

Solar radiation is the primary source of energy that sustains life on earth. The
spectral distribution of solar radiation has a broad waveband ranging from 300 to
1000 nm. However, only 50% of the radiant energy is available to plants as pho-
tosynthetically active radiation (PAR) and comprises the wavelength region from
400 to 700 nm (Boyle 2004). Specialized photoreceptors present in the plant leaves
capture the photons and convert the sun’s radiant energy to chemical energy fol-
lowing the process of photosynthesis. The process utilizes light absorbed by
chlorophyll a and b, the most important photosynthetic pigments, at 662 and
642 nm, respectively. Plants have also developed intricate mechanisms for trans-
ducing the different wavebands of the incoming solar radiation into specific
chemical signals for regulating various complex growth and developmental pro-
cesses. Other than high-energy-dependent process of photosynthesis, photomor-
phogenesis, photoperiodism, and phototropism are also significantly influenced by
the ambient light conditions. Photomorphogenesis is defined as light-mediated plant
development that also includes differentiation of cells, tissues, and organs and
depends on far-red radiation in the range of 730-735 nm, whereas photoperiodism
refers to the ability of plants to sense and respond to the changes in the photoperiod:
the relative lengths of day and night. The growth movement of the plants toward the
direction of its light source is termed as phototropism. Light in the wavelengths
range of 400-500 nm triggers the phototropic processes.

Unpredictable changes in the natural lighting conditions, insufficient daylight
during the winter season, and climate change phenomenon lead to suboptimal
yields and crop failures in many parts of the world. In order to mitigate this low

S. Dutta Gupta (<) - A. Agarwal

Agricultural and Food Engineering Department, Indian Institute
of Technology Kharagpur, Kharagpur 721302, India

e-mail: sdg@agfe.iitkgp.ernet.in
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2 S. Dutta Gupta and A. Agarwal

crop productivity, the concept of protected cultivation in greenhouses and con-
trolled environment crop production facilities with artificial lighting came into
existence (Mpelkas 1980). Artificial light sources are used to augment insufficient
sunlight in greenhouse-based open production system, whereas crop and/or trans-
plant production in closed production system relies upon electrical lighting as the
sole light source. Plant tissue cultures maintained under in vitro conditions depend
entirely upon artificial light sources for illumination.

The earliest reports of plant growth under artificial lighting were published in the
1860s by H. Mangon, E. Prilleux, and others. However, commercial application of
artificial lighting for crop production took place only after the development of more
robust and long-lasting electrical lamps in the early twentieth century (Pinho and
Halonen 2014). In the present scenario, electrical lamps have become an indis-
pensable tool for controlled environment agriculture as a steady and reliable source
of plant lighting. Technological advancement in artificial lighting over more than a
century has made it possible to attain the present state of the art in electric lamp
designs.

The most preliminary electrical lamps were designed in the first half of the
nineteenth century. The model for an “electric arc” lamp was demonstrated by Sir
Humphry Davy in 1809, whereas the first prototype for an “incandescent” lamp was
revealed by Warren de la Rue in 1840. The era of artificial electric lighting actually
started with the development of incandescent lamp designed by Thomas Edison in
1879. The proposed models were too costly for commercial application and had
very short life spans. Various “carbon-filament”-based models were designed for
the incandescent lamp in the mid- and late nineteenth century. However, it was only
in the first part of the twentieth century that tungsten-based incandescent lamps
were developed. Gas discharge lamps, the next state of electro-optical advance-
ment, were first fabricated by Heinrich Geissler in 1857 by using various noble
gases in an electric arc tube. The fluorescent lamp is the most widely used gas
discharge lamp and utilized extensively in plant growth applications due to its
reasonable energy efficiency and life span. Afterward, the introduction of metals
such as mercury and sodium into the discharge tube improved the illumination as
the electrical current was channelized through the vaporized metal. The first widely
accepted design for the mercury vapor lamp was produced by P.C. Hewitt in 1901.
This design was further improved by various others, and in 1936, the first modern
high-pressure gas discharge lamp was launched by Philips. In the following decade
gas discharge lamps having higher luminous efficacy and better spectral output such
as metal-halide lamps and high-pressure sodium lamps were developed.
High-pressure discharge lamps have been the preferred light source for crop pro-
duction in controlled environment agriculture. The high PAR emission with rela-
tively high percentage of blue radiation, long life span, and the electrical efficiency
in the range of 25-40% make these lamps an option to replace daylight totally or
partially supplementing it for year-round cultivation (Simpson 2003). However,
conventional light sources suffer from the poor ability of efficient use of energy.
Further, the spectral quality specific to photosynthesis as well as photomorpho-
genesis cannot be controlled during lighting treatment. Such limitations of
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conventional light sources accelerated the emergence of LEDs as potentially viable
and promising artificial light source in controlled environment agriculture. The
practical implementation of LEDs originated from the experiment of Henry Josef
Round, a radio engineer in Marconi Labs, who observed the emission of light from
a silicon carbide crystal when a current flowed through the material. This was the
very first demonstration of a solid-state lighting, and the light produced is based on
an electroluminescence effect (Round 1907). In spite of this breakthrough, tech-
nological advancement of LEDs was relatively slow until the 1960s (Schubert
2003). Since the invention of the first commercial LED in the late 1960s, there has
been a gradual improvement in LED design with the advancement of semicon-
ductor technology. The new-generation LEDs have also become a promising light
source for plant growth research and cultivation, besides its popular applications as
indicators and optoelectronic devices.

Impact of electrical lighting on plant growth and development was studied by
many scientists using contemporary incandescent lamps and electric arc lamps. As
reported by Siemens in 1880, plants illuminated by carbon arc lamps in addition to
sunlight displayed improved growth when compared to the naturally growing
plants. Studies on various food crops under tungsten-based incandescent lamps
suggested that it could be possible to grow crops independent of sunlight and could
be made to reach maturity and set seed even during the winters (Harvey 1922). In
1926, Pfeiffer reported that the duration of artificial lighting had a significant impact
on the phyto-constituents of various plants. Over the years, various electrical lamps
such as incandescent lamps (ILs), fluorescent lamps (FLs), high-pressure mercury
vapor lamps (HPMLs), high-pressure sodium vapor lamps (HPSLs), and
metal-halide lamps (MHLs) were employed for experimental plant growth appli-
cations and commercial plant cultivation. However, the potential of light-emitting
diodes (LEDs) as a photosynthetic radiation source for plant growth was first
explored in the early 1990s (Bula et al. 1991, 1992). The outcome of these studies
unveiled some of the advantageous features of LEDs and clarified certain plant
morphogenic responses related to the spectral quality of lighting source. A major
breakthrough in the LED technology was attained with the development of first
viable high-brightness blue LED by Shuji Nakamura in 1993 (Nakamura and Fasol
1997; Nakamura et al. 2000). This achievement paved the way for utilization of
LEDs in plant growth and development.

The overall aim of this chapter is to present the reader a basic introduction to
artificial lighting systems used in plant growth and development with their tech-
nological advancement over time, working principles and attributes with respect to
spectral quality, luminous efficacy, power consumption, heat generation, and life
span. Finally, a comparative assessment of the various performance parameters of
the different light sources has been presented to highlight the advantageous features
of LEDs and its potential as a photosynthetic radiation source for growing plants in
controlled environment. With a basic understanding of the electrical and optical
properties of the artificial lighting system, readers with plant science background
will be well placed to comprehend the specific function and applications of LEDs
discussed in the rest of the book.
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1.2 History of Development and Working Principles
of Conventional Lamps

Conventional plant lighting sources include incandescent, fluorescent, high-pressure
mercury, high-pressure sodium, and metal-halide lamps. Incandescent lamps emit
light upon the heating up of a metal filament, the phenomenon being called incan-
descence. The fluorescent, high-pressure mercury, high-pressure sodium, and
metal-halide lamps are gas discharge lamps (GDLs) since they emit light generated by
an electrical discharge through an ionized gas. Emission from incandescent lamps
consists of thermal radiations, whereas GDLs emit photons by the release of energy
from thermionically excited electrons. Among the GDLs, the FLs are low-pressure
lamps, whereas the HPMLs, HPSLs, and MHLs are termed as high-intensity dis-
charge lamps (HIDLs) due to the high pressure of gases in the arc tube. This section
outlines the technological advancement toward the present-day conventional lamps
from the preliminary models and illustrates their working principles.

1.2.1 Incandescent Lamps (ILs)

Incandescence, the working principle behind ILs, is the phenomenon by which a
solid starts emanating electromagnetic radiations in the visible range upon being
heated (Kitsinelis 2011). The oldest design for the incandescent lamp proposed by
Rue in 1840 consisted of a platinum coil enclosed in an evacuated glass tube. The
design was not cost-effective due to the platinum coil. Experimental designs
replacing the platinum with charcoal, carbonized paper, and carbonized bamboo
filaments were proposed by others. The challenges faced by the inventors included
the short life span of the filament and the blackening of the bulb caused by the
burning of the filament. The lamp developed by Woodward and Evans in 1874
comprised of a glass bulb filled with nitrogen housing a carbon rod connected to
two electrodes. In spite of this improvement in the design feature, it was not
accepted for commercialization. In 1879, Edison purchased the patent for this
design and using the model developed an incandescent bulb that not only performed
better but was also more convenient to use in a cost-effective manner. He received
the patent for this bulb in 1880 and commercialized it. However, it was only in
1904 that Hanaman and Just developed the first tungsten filament-based incan-
descent lamp which was further improved by General Electric (commonly known
as GE) in the following years. Further refinements in the tungsten filament lamp
involved the production of improved filament and the use of noble gases instead of
evacuating the bulb.

Modern ILs are composed of an airtight glass bulb with a tungsten filament
connected to lead-in wires (Fig. 1.1). The bulb is essentially made devoid of
oxygen by evacuation or by filling up with an inert gas to prevent the burning up of
the filament. The filament is made of a metal having high melting point and low



1 Artificial Lighting System for Plant Growth and Development ... 5

Fig. 1.1 Structure of an
incandescent lamp
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coefficient of thermal expansion. Tungsten, possessing both these properties, has
practically been the only metal used for producing the filament for ILs since the
early twentieth century. The two lead-in wires connected to either ends of the
filament are connected to the external circuit. The lamp operates when the electrical
current flows in from one lead wire, through the filament and out of the second lead
wire. As the filament has higher resistivity than the lead-in wires, it impedes the
flow of electrons. The inelastic collisions between the moving electrons and
the electrons within the filament lead to the conversion of the kinetic energy of the
moving electrons into atomic vibrational energy. This causes the filament to
gradually heat up and start dissipating energy as electromagnetic radiations. As the
temperature of the filament rises up to almost 2800 K, it emits radiations in the
entire visible range, with the intensity of radiations increasing from 400 to 700 nm.
A significant portion of the energy is also dissipated as far-red emission which can
reach up to 60% of the total PAR.

Early trials with ILs exhibited their potential for usage in indoor cultivation
during winters as they not only produced a broad-spectrum emission but also
provided warmth to the plants. However, the operations were not deemed eco-
nomically feasible owing to the low luminous output in exchange of the high
electricity input. Heat losses and poor electrical efficiency outweighed the gain in
plant growth and yield. The energy conversion efficiency for the various modern
ILs ranged between 1 and 5%, with the luminous efficacy never exceeding 20 Im/W
(lumens/watt). Availability of power-efficient and long-lasting GDLs gradually
replaced the ILs as a light source for indoor cultivation. Moreover, high power
consumption along with low luminous efficacy has led to the phasing out of ILs,
banning their manufacture, import, and sales in many countries.
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1.2.2 Gas Discharge Lamps (GDLs)

The carbon arc lamp demonstrated by Sir Humphry Davy in 1809 was the pre-
decessor of all modern GDLs (Zissis and Kitsinelis 2009). The arc lamp worked on
the principle of sustaining an electric arc or flow of electricity between two elec-
trodes via an intervening gaseous medium. Davy’s arc lamp involved the electrical
breakdown of air or ionization of air molecules which maintained an electrical
discharge between two carbon electrodes resulting in thermionic excitation of
electrons leading to the emission of faint light. Lightning, a common natural phe-
nomenon, is an example of an electric arc formed by the breakdown of molecules
present in the air. In 1857, Heinrich Geissler demonstrated the world’s first
low-pressure mercury vapor discharge lamp. The mercury vapor discharge lamp
produced a strong greenish-blue glow but had a short operating life. Peter Cooper
Hewitt patented the mercury vapor lamp in 1901 after making certain improve-
ments in Geissler’s design. However, the application of this lamp was limited
owing to the characteristic color of light it gave off. During that period, many
scientists including Edison and Tesla tried to improve gas discharge lamps but
success was limited. In 1906, a high-pressure mercury vapor lamp having a quartz
arc tube was developed by Kiich and Retschinsky. The next major step was the
successful application of fluorescent coatings on the inside of the glass arc tube of
mercury lamps by Compton in 1934. Application of halophosphate phosphor
coatings resulted in the emission of white light from the low-pressure mercury
vapor lamps. Philips launched the first high-pressure mercury vapor lamps in 1936,
whereas General Electric became the first to commercially produce fluorescent
lamps in 1938. Several experiments revealed that vaporized metals had a better
emission spectrum at high pressures than at low pressures. However, glass arc tubes
that could withstand such high pressures along with the high operating temperature
without reacting with the vaporized metal were not available at that period. In 1955,
R.L. Coble developed an aluminum oxide ceramic that could be used for making
the arc tube for high-pressure sodium lamps. In 1962, metal-halide lamps were
developed by Robert Reiling who introduced halides of metals in the high-pressure
mercury lamp, resulting in a better emission spectrum than the mercury vapor ones.
High-pressure sodium lamps emitting bright white light developed by Homonnay,
Louden, and Schmidt were launched commercially in 1964.

1.2.2.1 Fluorescent Lamps (FLs)

As mentioned earlier, FLs are low-pressure mercury vapor discharge lamps that
produce visible light due to the fluorescence of a phosphor coating. FLs may be
divided into two classes on the basis of their shape and size—tubular and compact
(Fig. 1.2). Although the luminous efficacies of the two designs differ significantly,
the working principle for both types of FLs is essentially the same. Both of them
consist of an airtight hollow glass tube filled with a mixture of mercury and argon
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Fig. 1.3 Components (a) and functioning (b) of a fluorescent lamp

vapors in a low-pressure environment (Fig. 1.3a). The inert gas present in the arc
tube promotes the ionization of the gaseous metal (mercury) atoms. The two ends of
the tube have electrodes composed of tungsten filaments projecting into the vapor
mixture. Upon the passage of electricity, the filament gets heated up and starts
emitting electrons (Simpson 2003). Since FLs work on alternating current, the two
electrodes alternately emit electrons every half cycle. The electrons get accelerated
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toward the opposite electrode through the mercury vapor mixture due to the applied
voltage. The electrons collide with the valence electrons of the mercury atoms
causing electron impact ionization which leads to the release of more free electrons
into the vapor mixture, a condition also referred to as breakdown. At this stage, the
vapor starts conducting electricity freely. The mobile electrons cause the excitation
of the other electrons in the outer orbitals of the mercury atoms. The excited
electrons fall back to the ground state and in the process emit radiations in the UV
range (Fig. 1.3b). These high-energy UV photons are absorbed by the phosphor
coating which fluoresces or starts emitting photons of lower energy, i.e., within the
visible range. Since the emission spectrum of an FL entirely depends upon the
phosphor coating, a wide variety of phosphors have been used for developing white
and colored FLs.

Energy losses in an FL occur in the ballast which supplies a pulse of high
voltage to initiate the discharge. However, a significantly higher amount of energy
is lost during the conversion of UV rays into visible light where almost half the
energy of each photon is lost as heat. Since they were first launched commercially,
fluorescent lamps (FLs) have been modified significantly for improving the lumi-
nous efficacy and reducing the cost of production. However, the overall energy
conversion efficiency of the FLs is still below 30% (Shur and Zukauskas 2005). FLs
have been a popular source of plant lighting in small- and large-scale operations
owing to the white light output that appositely mimics daylight. Approximately
90% of the photons emitted are in the PAR region. However, spectral output of FLs
cannot be regulated and the surface of the lamp becomes considerably hot during
operation.

1.2.2.2 High-Intensity Discharge Lamps (HIDLs)

HIDLs, also known as high-pressure discharge lamps, operate at very high pres-
sures and temperatures. Like FLs, HIDLs also work on the principle of electric
discharge through a gas and require ballasts for creating a striking voltage and
maintaining the arc. However, the high operating pressure and temperature of
HIDLSs plays an important role in improving the spectral output and increasing the
luminous efficacy. This is due to the fact that vaporized metals conduct electricity
better under high pressure leading to higher number of electron excitations and
more thermionic emissions (Kitsinelis 2011). HIDLs may be broadly classified into
three types depending upon the “fill-gas” or vapor used—mercury, sodium, and
metal halide (Fig. 1.4). It is worthy to note that all HIDLs essentially contain
mercury in the fill-gas along with the other vapors.

As in FLs, the HPMLs contain a mixture of mercury and argon vapors, but at
almost 200,000 times the pressure in an FL. The vapors are maintained in a quartz
arc tube to withstand the high pressure and operating temperature (Fig. 1.5). The
arc tube is housed inside an outer envelope made of borosilicate glass filled with
nitrogen. The ionization of mercury atoms is triggered by the emission of electrons
from the tungsten electrodes. However, due to the high pressure, the frequency of
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electron impacts on the mercury atoms becomes very high. This leads to the gen-
eration of a huge amount of heat. As a result, the mercury electrons get ionized to
higher excitation states, leading to the emission of radiations at certain wavelengths
in the visible range along with the UV radiations. A phosphor coating provided on
the outer envelope converts the UV radiations into different visible wavelengths,
resulting in white light (Kitsinelis 2011).
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Despite the high-pressure discharge conditions, HPMLs have a luminous effi-
cacy of around 60 Im/W. High lumen output has made the HPMLs suitable for
various applications such as overhead lighting in factories and warehouses as well
as street lighting.

The HPSLs have greater coverage over the visible spectrum than the mercury
vapor lamps due to the presence of sodium vapors along with mercury in the arc
tube. Further, the tube is pressurized with xenon instead of argon. The vapors are
maintained within a ceramic or polycrystalline alumina tube which can withstand
the corrosive nature of sodium vapors at high temperature and pressure (Kitsinelis
2011). The excitation of mercury and sodium atoms occurs by the bombardment of
electrons from the tungsten electrodes. The electron impact ionization coupled with
thermal ionization results in electrons jumping to various higher energy states,
while falling back to the ground state, the electrons emit electromagnetic radiations
covering a wide range in the visible spectrum. The components of HPSLs are
depicted in Fig. 1.6.

Higher luminous efficacy (80-125 Im/W) and broad emission spectrum of
HPSLs have made them a popular source of electrical lighting in public spaces and
industrial buildings. A high emission peak in the 560-610 nm range renders a
distinct yellow coloration to the light produced which limits its applications.
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Further, the unbalanced spectral quality in relation to the absorption peaks of
chlorophyll a, b and B-carotene makes them unsuitable for promoting photosyn-
thesis and photomorphogenesis. Compared to other conventional light sources,
HPSLs with high electrical efficiencies of 30-40% are the most energy-efficient
light sources used in plant growth.

The metal-halide lamp is a modified version of high-pressure mercury vapor
discharge lamp. The inclusion of metal halides along with the mercury vapor and
inert gas permits the optimization of the spectral quality of the emitted radiation to a
certain extent. Metals such as sodium, scandium, indium, thallium, and dysprosium
are used in MHLs because of their characteristic emission spectra in the visible
range. Generally, iodides, and sometimes bromides, of these metals are chosen
because they are easier to vaporize and ionize than the pure metals as such. Like the
other HIDLs, the pressurized gas is maintained within the arc tube and the same
mechanism of operation is followed for electron excitation and light emission
(Fig. 1.7). However, the outer casing is made of UV-filtering quartz glass to block
the UV radiations of mercury. Since the light emitted by the lamp is a mixture of the
radiations by the individual metals present in the vapor mixture, changing the
combination of the metal halides allows the production of MHLs with various
emission spectra (Simpson 2003). MHLs have an evenly distributed spectral output
and produce white light with a high luminous efficacy of 100-120 Im/W. MHLs
can be used in plant growth applications due to its high PAR, relative high
percentage of blue radiation, and energy efficiency of approximately 25%.

Fig. 1.7 Structure of a
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1.3 Light-Emitting Diodes (LEDs)

LEDs are known as solid-state light sources because they emit light from a semi-
conductor diode chip. Although the emission of light from ILs also occurs from a
solid (filament), the cause of electromagnetic radiations is quite different from the
LEDs. The ILs emit radiations due to the heating up of the filament, whereas LEDs
emit light due to the transition of electrons from higher to lower energy orbital’s.
GDLs emit radiations due to release of excess energy from electrons too, but the
source of energy is thermionic excitation due to the electric arc. In LEDs, the elec-
trons are not impelled into higher excitation states but simply driven by the electrical
potential difference from a higher energy orbital to a lower one. In this section, the
major landmarks in the development of LEDs have been briefly outlined and the
basic working principle of LEDs pertinent to plant scientists has been discussed.

1.3.1 Development of LED Technology

A LED is a solid-state semiconductor device that emits light upon the flow of
electricity  (Fig. 1.8), following the principle of electroluminescence.
Electroluminescence is the emission of light when electrons driven by an electrical or
magnetic field enter a lower energy orbital and release the excess energy in the form
of electromagnetic radiations. The phenomenon was first observed by H.J. Round in
1907 while working with silicon carbide (SiC). In 1927, Oleg Losev proposed a
theory behind the phenomenon and outlined various practical applications of the
technology (Zheludev 2007). Later, in 1955, R. Braunstein reported the emission of
infrared radiations from various semiconductor alloys. James Biard and Gary Pittman
(1961) of Texas Instruments accidentally discovered the emission of infrared radi-
ations from gallium arsenide (GaAs) semiconductor upon the passage of electricity,
while working on solar cells. They patented the design as “semiconductor radiant
diode” in 1962, and that was the world’s first light-emitting diode (LED). In the same

InGaN
L
AlGalnP/GaAs

@

Fig. 1.8 Historical development of semiconductor materials used for LED fabrication
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year, Nick Holonyak Jr. designed the world’s first LED producing visible light
(red) using a gallium arsenide phosphide (GaAsP) diode. Ten years later, Holonyak’s
student M.G. Craford designed the GaAsP-based yellow LED and high-brightness
red and red-orange LEDs. However, the LEDs being produced were too costly and
were bright to an extent to be used only as indicators. In 1970, improvements in
semiconductor fabrication and packaging techniques by Jean Hoerni and Thomas
Brandt led to the drastic reduction in the cost of manufacturing LEDs. Initially, the
development of light-emitting semiconductor technology was associated with red
and infrared radiations. The lack of a viable blue LED hindered the utilization of this
technology to plant growth applications. H.P. Maruska designed the first blue LEDs
based on gallium nitride (GaN) in 1972. However, Maruska’s LEDs had limited
applications due to its low level of brightness. In 1994, Shuji Nakamura presented the
design for a high-brightness blue LED employing an indium gallium nitride (InGan)
diode. The newly developed LED with a peak emission wavelength of 450 nm was
found to be suitable for use in studies on plant growth and development. The
wavelength matches with the maximum absorption peak of plant photoreceptors of
carotenoids. For this revolutionary invention of efficient blue LEDs which has
enabled energy-efficient bright white light sources, the Nobel Prize in Physics 2014
was awarded jointly to Isamu Akasaki, Hiroshi Amano, and Shuji Nakamura. Over
the years, gradual advancements in diode fabrication techniques have resulted in
further reduction in the cost and significant increase in the luminous (Im/W) as well as
photon (umol/J) efficiencies.

Various semiconductor materials have been used since Holonyak’s
GaAsP-based model for fabricating red, green, blue, and white LEDs. Choice of the
semiconductor alloy was guided by the need to increase the range of emission
wavelength and luminous efficacy of the new LED as compared to its predecessors.
The historical development of semiconductor material systems associated with
improved performance of LEDs in terms of luminous efficacy is shown in Fig. 1.8.
Further enhancement in luminous output and power efficiency could be attained by
increasing the efficiency of radiative recombination (electron—hole pairing leading
to photon emission) within the LEDs. This was achieved via bandgap engineering
by the use of heterostructures and quantum wells. Advancements in epitaxial crystal
growth techniques enabled the formation of customized heterostructures and
quantum wells in LED chips (Schubert 2003). The technology led to the devel-
opment of power-efficient high-brightness LEDs that have sufficient luminous
output with desired wavelength to sustain optimal plant growth. Such LEDs are
made from binary direct bandgap alloys from groups III-V elements of the periodic
table, namely aluminum gallium arsenide (AlGaAs), aluminum gallium indium
phosphide (AlInGaP), and aluminum indium gallium nitride (AlInGaN).
Availability of high-brightness LEDs with spectral output matching with the action
spectra of photosynthesis and photomorphogenesis created the platform for the
LED-based plant illumination system (Tamulaitis et al. 2005).
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In the near future, LED luminaries can become the smart solutions for sustaining
plant growth in controlled environment agriculture and regulating morphogenic
responses in plant tissue culture.

1.3.2  Structure and Working Principle of LED

The LED comprises a semiconductor chip housed within an epoxy or plastic lens,
with connecting wires for directing the electrical current. The dual in-line package
(DIP) LED (Fig. 1.9a) has been the most commonly used LED design. The newly
developed high-power LEDs (Fig. 1.9b) produce higher luminosity due to higher
current flow than the DIP-LEDs. The components of the DIP and high-power LEDs
have been depicted in Fig. 1.10. The chip is a small (approximately 1 mm? in size)
semiconductor wafer that has been impregnated with specific impurities or dopants.
There are two types of dopants: n-type, i.e., elements having a high number of
valence electrons, and p-type, i.e., elements having a high number of empty slots or
“holes” in the valence shell. The p-type- and n-type-doped semiconductor crystals
are fused together to form a “p-n heterojunction.” As the electric current moves
across the diode from the p-side to the n-side, electrons from the n-side cross over
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Fig. 1.10 Components of conventional DIP (a) and modern high-power (b) light-emitting diodes



1 Artificial Lighting System for Plant Growth and Development ... 15

to the p-side. These electrons now fall into the vacant spaces in the orbitals of the
p-type dopant resulting in “electron-hole pairing.”

As the energy of the newly acquired orbital is lower than the energy possessed
by the electron, the excess energy is liberated as electromagnetic radiation having a
specific wavelength or color. This wavelength corresponds to the difference in
valence shell energies of the p and n dopants (Fig. 1.11). The phenomenon can be
mathematically expressed as AE = (hc)/4 (AE = change in energy of an electron,
h = Planck’s constant, ¢ = velocity of light, 2 = wavelength of light). By virtue of
its constituent dopants, an LED is capable of emitting light at a fixed wavelength
only.

The application of red and blue monochromatic LEDs alone or in combinations
has been reported for plant morphogenesis both in vivo and in vitro over the
decades (Bula et al. 1991; Kim et al. 2005; Massa et al. 2008; Dutta Gupta and
Jatothu 2013; Agarwal and Dutta Gupta 2016). However, such LED lighting suffers
from the waveband mismatch with the photosynthetic action spectrum and the high
fabrication cost of the complicated circuit. Application of white LEDs eliminates
the likelihood of such an event since they have a broad spectral output. Moreover,
constructing a circuit with only white LEDs is relatively simpler than making a
red-blue mixed LED panel because the voltage requirements of red and blue LEDs
differ significantly. White LEDs can be fabricated by using a combination of red,
green, and blue LED units in the same fixture (Fig. 1.12a). Such LEDs are called
trichromatic or tetrachromatic depending upon the combination of monochromatic
LEDs used (Lei et al. 2007). White LEDs made by red, green, and blue LED
clusters have a tunable spectral output controlled by the drive current through
individual red, green, and blue LED units (He and Zheng 2010). Phosphor-coated
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Fig. 1.12 Types of white LEDs produced by RGB color mixing (a), phosphor coating in UV and
blue LEDs (b) and a hybrid of phosphor and color mixing (c)

blue and UV-LEDs are the preferred source of white light owing to their common
availability at low cost (Fig. 1.12b). However, the initial phosphor-coated LED
models suffered from significant energy losses at the phosphor due to low energy
conversion efficiency (Bourget 2008). Approaches are being made to develop
high-efficacy white LEDs using a hybrid model which includes colored phosphors
along with monochromatic LEDs (Fig. 1.12c). A decrease in total internal reflection
within the chip and device encapsulation with multicolor-emitting phosphors could
enhance the luminous efficiency (Pattison et al. 2016). Recently, Chen et al. (2016)
proposed the potential of Eu*-doped fluorophosphate in fabricating white LEDs for
application in plant growth.

1.4 Comparative Assessment of the Different Artificial
Lighting Systems

Although the various conventional electrical lamps used for horticultural lighting
have the capacity to boost the qualitative and quantitative yield of the plants, they all
suffer from certain limitations. Energy conservation is one of the major concerns in
controlled environment agriculture that utilizes conventional lamps, especially in
northern latitudes. New-generation LED luminaries have emerged as potentially
viable and promising plant lighting system to be used in controlled environment
agriculture. Emergence of solid-state lighting has not only offers the energy-efficient
interior agriculture but has also opened up new frontiers for studying plant response
to a specific wavelength and/or radiation quantity. A detailed comparison of the
attributes of LEDs and conventional lamps used for plant lighting is essential for
comprehensively assessing the benefits of using LEDs in indoor cultivation setups
and plant research laboratories. Lamp features such as spectral quality, luminous
efficacy, power requirement, life span, heat emission, robustness, and ease of dis-
posal are discussed in the following section for assessing the performance of each
lighting system.
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1.4.1 Spectral Quality

Availability of a proper light environment is pivotal for plant growth. Incident
spectrum and photon flux density (PFD) are two major factors that govern plant
development in response to the lighting conditions. Plants essentially utilize the
infrared, red, and blue portions of the incident spectrum for conducting photo-
synthesis and regulating numerous developmental and adaptive processes. The
typical absorption spectra of the most common photosynthetic and photomor-
phogenic photoreceptors are shown in Fig. 1.13. Chlorophylls absorb photons and
utilize the energy for photosynthesis (Anderson et al. 1995). The main absorption
peaks of chlorophyll are located in the red (625—-675 nm) and blue regions (425—
475 nm). Carotenoids, the auxiliary photoreceptors of chlorophyll, absorb light
mainly in the blue region. Photomorphogenic responses including germination,
phototropism, leaf expansion, flowering, stomatal development, chloroplast
migration, and shade avoidance are regulated by three types of photoreceptors, viz.
phytochromes, cryptochromes, and phototropins (Smith 1995; Sancar 2003; Briggs
and Christie 2002). Interconvertible forms of Pr and Pfr in the red at 660 nm and in
the far-red at 730 nm, respectively, constitute the phytochrome photoreceptor
system. Phytochrome-mediated photomorphogenic responses are critically regu-
lated by the sensing of R/FR ratio (Shinomura et al. 2000). The pigments absorbing
blue light include both cryptochromes (cry1, cry2) and phototropins (photl, phot2).
The cryptochrome system controls several aspects of morphological responses,
such as germination, leaf expansion, stem elongation, and stomatal opening. It also
regulates the circadian rhythm in flowering plants (Cashmore et al. 1999).

Chlorophyll o
=== Chlorophyll b
= Cryptochrome

Phototropin
=== Phytochrome (Pr)
== Phytochrome (Pfr)

Relative response

400 500 600 700
Wavelength (nm)

Fig. 1.13 Utilization of various wavebands of light for photosynthesis by chlorophylls, and for
photomorphogenesis by phytochrome, cryptochrome and phototropin
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Phototropins are involved in the regulation of pigment content and the positioning
of photosynthetic organelles in order to optimize the harvesting of light and to
prevent photoinhibition (Spalding and Folta 2005).

Insolation (incoming solar radiation that reaches the earth’s surface) contains all
the regions of the visible spectrum along with radiations in the infrared and UV
regions. Intensity of solar radiations is relatively higher in the blue-yellow (460—
580 nm) range. Like sunlight, all conventional electric lamps, viz. ILs, FLs, and
HIDLs, are broad-spectrum light sources. The spectral quality of light (wave-
lengths) produced by different artificial lighting sources along with sunlight is
depicted in Fig. 1.14. The ILs have a continuous emission spectrum having high
proportions of photons in the infrared and red ranges, the PFD gradually reducing
toward blue. Due to the presence of phosphor coating, white FLs also have a
continuous visible spectrum with peaks near 400-450 nm (violet-blue), 540-
560 nm (green-yellow), and 620-630 nm (orange-red) that results in a balanced
white color rendition. HPMLs employing phosphor coatings also feature a similar
emission spectrum but with sharper peaks than FLs. Spectral emission of HPS
lamps exhibits peaks in the 560-610 nm (yellow-orange) region which imbues
these lamps with a predominantly yellow light output. MHLs emit a continuous
visible light spectrum with several peaks distributed evenly across the entire
spectrum. FLs, HPMLs, and MHLs are capable of delivering bright white light and
are hence also referred to as “daylight lamps.”

LEDs are essentially monochromatic light sources and have a specific emission
wavelength which is determined by the constituent elements of the LED chip. Since
LEDs for all wavelengths in the visible range are available, a wide variety of light
spectra can be obtained from LED-based luminaries by simply embedding specific
LEDs for the desired wavelengths. All conventional artificial light sources have
significant emissions in regions of the visible spectrum that plants simply do not
require. Since electrical lamps produce light at the expense of electrical energy,
delivering wavelengths of light that are not utilized by the plants becomes
impractical and a costly affair. With LEDs, it is possible to produce artificial light
with selected peak wavelength emission that closely matches the absorption peak of
a known important photoreceptor. Furthermore, the designs of ILs and GDLs do not
allow the regulation of operating light intensity. Intensity of emission from LED
lamps can be easily regulated by altering the electrical current. Thus, it is possible
to construct LED panels with specific peak emission that are utilized by plants,
having intensity control for adjusting the PFD most suited for the plants being
raised. In this way, customized LED luminaries would allow a versatile control of
radiation intensity and spectrum.

1.4.2 Luminous Efficacy and Power Requirement

Efficient conversion of electrical energy to light energy is an important factor for
selecting the light source for indoor plant cultivation. The reason being that if the
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electricity consumption for providing appropriate lighting conditions to the crops
becomes very high then the procedure may become economically unfeasible for
overall management of the crop production system. The luminous efficacy of
artificial light sources is a measure of luminous flux produced by the lamp per watt
of electricity consumed (Im/W). It must be noted that luminous efficacy takes into
consideration only the spectral output in visible range. Thus, lamps emitting sig-
nificant amounts of radiations in the infrared and ultraviolet regions tend to have
lower luminous efficacies compared to others. Power requirement of a lamp refers
to the wattage supply required for operating the lamp. The lower the power
requirement, the cheaper and easier it is to run any electrical lamp.

Among all artificial light sources, HPS and MH lamps have the highest luminous
efficacies (Table 1.1). However, if we consider the lumens utilized by plants, the
value gets reduced significantly since only the blue and red regions must be con-
sidered for plant use. Thus, the useful luminous output of even the most
power-efficient electrical lamps may be considered to be quite low for plant growth.
Although the luminous efficacies of conventional light sources have improved
significantly since their initial development, the values attained plateau in the range
of 80-125 Im/W (Fig. 1.15). LEDs with luminous efficacy of 80-150 Im/W are
already available in the market. Combinations of monochromatic LEDs can also be
used to produce specific spectra that may be completely utilized by the plants, thus
making the useful luminous output equivalent to the total luminous output. Further,
due to rapid advancements in LED lighting technology, it is expected that LEDs
with an efficacy of >200 Im/W will be developed within the next few years
(Fig. 1.15; US Department of Energy 2016). The power requirement of a typical
LED is 10-100 times less than most conventional lamps, thus making LED lamps
highly cost-effective (Table 1.1). Since LEDs consume less electricity, application
of this technology shall also reduce the pressure on fossil fuel reserves used for
generating electricity.

Table 1.1 Features of various electrical lamps used for plant lighting

Lamp type Spectral output | Luminous efficacy Power requirement | Life span (h)
(Im/W) W)
Incandescent | Broad spectrum | 20 15-1000 1000
Fluorescent | Broad spectrum | 100-120 5-125 1000-30,000
HPM Broad spectrum | 60 100-250 10,000-20,000
HPS Broad spectrum | 80-125 35-1000 10,000-30,000
Metal halide | Broad spectrum | 100-120 35-400 10,000-20,000
LED Specific 80-150 0.1-5 >50,000
wavelengths
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Fig. 1.15 Timeline of improvement in the luminous efficacies of various artificial lights

1.4.3 Heating of the Lamp

Dissipation of heat from the lamp is undesirable for indoor farming as well as for
in vitro propagation from various aspects. Artificial light sources generating a lot of
heat tend to raise the ambient temperature, a situation which may affect the quality
of crops and the process of morphogenesis during in vitro culture. Additionally, this
increases the load on the cooling system used for maintaining the temperature,
leading to an increment in the electricity consumption. Furthermore, such light
sources need to be placed at a safe distance from the crops/cultures as direct
exposure to the heat may prove to be fatal. In vertical farming models where the
crops are grown in tiers, using light sources having lower surface temperatures
allows the placing of crops closer to the light source, thus giving more space for
constructing more tiers and obtaining a higher yield per volume of the farming
space. This notion is also applicable for in vitro culture. Dissipation of heat to the
surroundings during any form of energy conversion has been considered as a loss of
energy from the system. Since light sources having cool operating temperatures lose
lesser energy to the surroundings in the form of heat, they are able to convert
electrical energy to light energy more efficiently.

All conventional lamps involve heating up of the conducting medium as an
essential step for operation. Inelastic collisions of electrons occurring in ILs and
GDLs liberate a lot of heat energy, a condition absent in LEDs. Like all other
devices conducting electricity, LEDs also generate heat due to their intrinsic
resistance at the p-n junction. However, the heat generated is negligible as com-
pared to that in the conventional lamps. Furthermore, incorporation of heat sinks in
modern high-power LED designs (Fig. 1.10b) allows the LED to keep on operating
at cool temperatures even while conducting significantly higher electrical currents.
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LEDs have a cool surface temperature and are safer for growing plants as they
practically do not emanate any heat as compared to the ILs and GDLs (Mitchell
et al. 2012).

1.4.4 Life Span, Dimming, Directionality, Robustness,
and Safety

Life span of the luminaire affects the overall operating cost because frequent
replacement of a large number of lamps on a commercial scale involves a huge
capital input on a regular basis. Conventional lamps gradually wear out from within
owing to the extremely high operating temperatures. Due to the low working
temperature, LED components do not wear out easily and that extended its life span
by several thousand hours (Table 1.1).

As the IL and GDL illumination units grow old, precipitations on the inner
surface tend to make the lamp dim. Hence, despite the lamp functioning optimally,
the Iuminosity produced by it gets reduced. LEDs are solid-state light sources that
do not contain any vapors or gases nor involve vaporization of elements, thus
eliminating the chances of dimming due to precipitations.

All conventional artificial light sources, by virtue of their design, emit light in all
directions. The use of reflective coatings in fixtures reduces the loss of light within
the fixture. However, the luminous flux or the total useful light obtained in the
desired direction becomes significantly lower than the total light produced by the
lamp. An artificial light source with directionality of light emission can be used to
provide greater luminous flux to the plants with significantly lower fixture losses.
An LED contains a reflective cavity housed within the epoxy cover that concen-
trates all the photons in a single direction. Furthermore, half-isotropic spatial pattern
of LEDs makes them directional emitters. LEDs with a small viewing angle and the
use of secondary optics such as collimator lenses can improve the luminous efficacy
by directing the light toward the plant canopy.

Small size and robustness of lamps also increase their desirability. Small illu-
mination units occupy a small volume and provide more space for growing crops,
especially in vertical farms. Further, lamps made of durable materials are easy to
handle and thus more user friendly. Artificial light sources devoid of hazardous
materials such as mercury are preferable from the point of view of disposal. ILs and
GDLs are made up of different types of glass filled with various gases. Users have
to exercise caution while handling such lamps. GDLs contain mercury which is
highly toxic when released in the environment, making the disposal of spent GDLs
a matter of concern. HIDLs get highly pressurized during operation, thus making
them quite unsafe in case of any manufacturing defects. Luminaires for such lamps
are often large and make them uneconomical in terms of space. On the contrary,
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LEDs are small, solid-state lamps housed within epoxy or plastic lens. LEDs are,
thus, not only more robust and easy to handle, but also occupy a very small portion
of the space being utilized for growing plants. Advantages of LEDs over con-
ventional electrical light sources from the perspective of plant growth and devel-
opment are listed as follows:

Choice of the peak emission for customized plant growth and development,
Versatile control of the flux emission and the light spectrum,

High luminous efficacy,

Small size and directional light emission,

Long life expectancy,

Negligible heat emission,

Does not get dim with age,

Economical in terms of space and power (wattage) requirement,

Plastic body, hence more robust and easy to handle, and

Easy to dispose without any environmental hazards.

1.5 Conclusions

Application of artificial lighting as supplemental and sole light sources for growing
plants has been in practice for almost a century. Advancements in lighting technology
have allowed the implementation of electrical lamps at large scales for controlled
environment agriculture and in vitro transplant production. Conventionally, filament-
and gas-based electrical lamps, viz. ILs, FLs and the different HIDLs, have been
employed in greenhouses and controlled environment plant production units.
High-power requirement and relatively short life span of these lamps made such crop
production systems highly uneconomical. Furthermore, the lack of intelligent control
and risks in handling and disposal reduced the usefulness of ILs and GDLs for
large-scale interior agriculture. The development of power-efficient high-brightness
LEDs has been a major breakthrough in lighting technology that has dramatically
changed the scenario of plant lighting for both commercial and research endeavors.
LEDs are semiconductor light sources that have the ability to deliver photons
more precisely than all other contemporary electrical lamps. LEDs have been rec-
ognized as a new artificial lighting source to promote photosynthesis, to regulate
photomorphogenesis, and to enhance nutritional quality of leafy vegetables due to its
several aforesaid advantages. Advancements in the LED technology over time
including packaging, current drop, phosphor coatings, intelligent control of light
distribution, intensity and spectral quality along with the reduction in prices will
make LED-based illumination system a smart choice for novel open as well as closed
plant production systems.
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Chapter 2
LED Supplementary Lighting

Yasuomi Ibaraki

2.1 Introduction

Recently, the use of light-emitting diode (LED) lighting systems has rapidly spread
to various fields due to the improved luminous efficacy and reduced production cost
and market price of LED lamps. LEDs have also begun to be used in plant pro-
duction due to various advantages such as flexibility in controlling lighting con-
ditions, including the wavelength, irradiated portion, and timing. LEDs are used not
only for plant production under a controlled environment such as a plant factory but
also as light sources for supplementary lighting. During plant production, supple-
mentary lighting, defined as irradiation that is additional to sunlight, is used to
improve the light environment. Supplementary lighting is used to improve plant
growth, i.e., to compensate for a shortage of sunlight for photosynthesis; to control
plant morphogenesis, including flowering; to protect the plants from diseases; and
to improve plant quality. LED technology has several merits for use in supple-
mentary lighting systems. In this chapter, the advantages of using LEDs in sup-
plementary lighting systems are discussed along with their applications for several
purposes in plant production. The methods adopted for evaluating the efficiency of
supplementary lighting have also been illustrated.
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2.2 Advantages of LED for Supplementary Lighting
Systems

The advantages of using LEDs as a light source in plant production include their
potential for miniaturization and reduction of weight, low radiant heat emittance,
and flexibility in wavelength, intensity, light distribution. The primary advantage of
using LEDs in supplementary lighting systems is their small size. Small lighting
devices can minimize the interception of sunlight, i.e., shading, thereby maximizing
the sunlight received by plants and in turn the production efficiency. In addition, the
small size of LEDs contributes to enhanced portability, which is one of the desirable
features of supplementary lighting devices because the requirement of supple-
mentary lighting depends on the stage of plant growth and development, and the
lighting devices may be moved to avoid a reduction in the lighting efficiency with
plant growth (Ibaraki 2016). In addition, LED supplementary lighting systems can
be set close to plants due to the low emittance of heat; therefore, they are suitable
for intracanopy lighting, in which lighting devices are set inside the plant canopy.
For example, LEDs have previously been set inside the canopy of tomato plants
being grown in a greenhouse (Tokuno et al. 2012; Deram et al. 2014; Tewolde et al.
2016).

Research into the spectral effects of light on plant growth and development has
progressed due to the use of LEDs, which can provide light of a narrow bandwidth
at a relatively high intensity. LEDs can be used in supplementary lighting systems
with light of a specific wavelength. For example, blue-violet LED supplementary
lighting systems have been used for protecting plants from diseases (Tokuno et al.
2012) and red LEDs have been applied for controlling flowering (Liao et al. 2014).
The intensity of light in LEDs can be easily controlled by regulating the electrical
current or duty ratio. This would be helpful for a dynamic control of supplementary
lighting according to the variation in solar radiation. Moreover, LEDs with high
directivity may be useful for controlling the lighting direction or site, which may be
effective in improving the lighting efficiency. Thus, LEDs provide flexibility in
controlling the light environment and are suitable for supplementary lighting.

Several types of LED lighting devices for supplementary lighting have been
developed. One type can be installed in existing general lighting equipment as an
alternative to fluorescent lights and electric lamps. Another type is specially
designed for plant production. These include line (bar), flat (plate), and small unit
types. The flat-type LED lighting system is easy to handle and provides uniform
irradiation but more shading. The line-type LED lighting system is equipped with
LED lamps arrayed in a linear fashion and is easy to handle and can be used not
only for downward lighting but also for sideward lighting. In addition, tape-type
systems consisting of a flexible material also exist. The small unit LED lighting
system consists of multiple small units equipped with one or several LED lamps
(Fig. 2.1). This type of lighting system can be used as a line type or flat type
depending on the arrangement of units. Moreover, light intensity is controlled by
regulating the distance between the units.
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Fig. 2.1 Example of a small
unit LED supplementary
lighting system (left)
consisting of a small LED
unit (right)

2.3 Supplementary Lighting for Photosynthesis

One of the main purposes of supplementary lighting is to compensate for a shortage
of light for photosynthesis under conditions of low sunlight. LED supplementary
lighting has reportedly been used for this purpose in tomatoes (Deram et al. 2014;
Tewolde et al. 2016), lettuces (Wojciechowska et al. 2015), cucumbers (Trouwborst
et al. 2010), strawberries (Hidaka et al. 2013), and peppers (Li et al. 2016).
Supplementary lighting is used for irradiation during the daytime to improve the
light intensity or for nighttime irradiation to prolong the photoperiod.

It should be noted that the spectral properties of LEDs are very important, even
for supplementary lighting for photosynthesis. White light with a spectrum similar
to that of sunlight is suitable for this purpose. However, there are several types of
white LEDs with different spectral properties. Their effects on photosynthesis
depend on the spectral properties. Although the ratio of red and blue lights is one of
the indices used for evaluating the spectral properties of light for plant growth,
absolute blue light intensity was also reported to be important, affecting the pho-
tosynthetic rate (Cope and Bugbee 2013).

The irradiated portion is also important because the photosynthetic properties
depend on the leaf age and/or position, and light intensity distribution exists inside
the canopy. The effect of supplementary lighting depends on the position of the
leaves to be irradiated. For example, the degree of improvement of photosynthetic
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rates by increasing the photosynthetic photon flux density (PPFD) may differ
between the upper leaves that have already received light with a high PPFD and
lower leaves that receive light with a low PPFD.

2.4 Supplementary Lighting for Controlling
Morphogenesis

In some species of plants, flowering can be controlled by regulating the photoperiod
with supplementary lighting, allowing flower growers to control flowering
according to market demand. In general, night breaking with supplementary
lighting inhibits floral differentiation in short-day plants and promotes flower bud
formation in long-day plants. This photoperiodism is thought to be caused by the
photoreceptor phytochrome, which has two forms that mainly absorb red and
far-red light, respectively, and so red and/or far-red light irradiation is important for
controlling flowering. Incandescence lamps with a relatively high proportion of red
and far-red light have previously been used for this purpose, but their use has been
limited in recent years due to their low luminous efficacy and high electricity
consumption. Consequently, the use of LED lamps has been now tested for con-
trolling flowering.

The use of LEDs with a narrow range of wavelengths has revealed that the
response of plants to the quality of light during the night break varies between
species and that light other than red light may also affect flowering. For example,
the optimal spectral properties of supplementary lighting for controlling flowering
in chrysanthemum differ between varieties (Liao et al. 2014; Ochiai et al. 2015). In
addition, the light quality supplied during the daily photoperiod might affect the
light quality required for effective night break (Higuchi et al. 2012). Plants may be
roughly divided into four groups based on their flowering response to different
spectra of irradiation during night: inhibition mainly by red light, promotion mainly
by red light, promotion mainly by far-red light, and no effect (Hisamatsu 2012).

Plant growth retardants are commonly used to regulate morphogenesis, but it is
preferable to limit their use due to their potential negative effects on human health
and the environment (Islam et al. 2015). Therefore, environmental control is a
promising alternate method for controlling morphogenesis, which includes con-
trolling the temperature difference between the daytime and nighttime (the DIF) and
manipulating supplementary lighting regimes. Blue, red, and far-red lights are
generally effective for controlling morphogenesis, associating with different pho-
toreceptors (phototropins and cryptochromes for blue, and phytochromes for red
and far red), and LED lamps can be used to control these spectral properties of light
being irradiated on plants.
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2.5 Supplementary Lighting for Other Purposes

2.5.1 Protection from Plant Disease

It has recently been reported that irradiation with specific wavelengths of light has
the potential for suppressing plant disease. For example, irradiation with ultraviolet
B (UV-B) light could suppress disease in strawberry (Kanto et al. 2009) and in rose
(Kobayashi et al. 2013) and supplementary lighting devices using fluorescent lamps
that provide UV-B irradiation are now commercially available (“Tahunarei,”
Panasonic). Green light irradiation during the nighttime has also been reported to
have suppressive effects on plant disease (Kudo et al. 2011), and supplementary
blue-violet LED lighting, which has an emission peak at around 405 nm, has been
used to suppress disease in house-grown tomato (Tokuno et al. 2012). It is believed
that blue-violet LED lighting induces resistance to plant disease (Ito et al. 2013), as
well as having direct suppressive effects (Imada et al. 2014). It has also been
reported that red light induces resistance to plant disease (Wang et al. 2010;
Suthaparan and Torre 2010), although there are no reports of supplementary red
LED lighting being used for this purpose. The protection of plants from disease
through the use of lights is an emerging technology and so some issues remain to be
resolved, including the dependence of different plant species and optimization of
the lighting conditions.

2.5.2 Improving the Concentration of Functional
Components

Light irradiation can induce the production of some secondary metabolites and so
supplementary lighting has the potential for improving their contents as functional
ingredients. Many studies have reported on the spectral effects of light on secondary
metabolites, including phenolic acid and flavonoids, which are used as defense
mechanisms under stressful conditions (Shetty et al. 2011). Furthermore, control of
light quality has often been reported as enhancing antioxidant capacity (e.g.,
Ebisawa et al. 2008; Li and Kubota 2009; Shiga et al. 2009; Samuoliene et al. 2012;
Carvalho et al. 2016) as a result of increasing the concentration of metabolites that
serve as antioxidants, such as ascorbic acid and flavonoids. In an investigation on
the effects of the proportion of blue/red light on rose, chrysanthemum, and cam-
panula, Ouzounis et al. (2014) found that a high blue light ratio increased the
concentrations of phenolic acid and flavonoids, although the effects differed
between species.

LED supplementary lighting is effective for controlling the spectral properties of
light being irradiated on plants. Furthermore, LEDs with various peak wavelengths
are now available, which can be used to modify the light spectrum during the daytime
and to irradiate plants with specific wavelengths of light during the night time.
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2.6 Evaluation of the Efficiency of Supplementary
Lighting

2.6.1 Methods for Evaluation of the Efficiency
of Supplementary Lighting

Although the use of artificial lighting in plant production has increased, little
attention has been paid to the efficiency of lighting (Ibaraki and Shigemoto 2013).
As artificial lighting, including supplementary lighting, consumes energy, thereby
increasing the cost of production, it is critical that plant growers improve the
efficiency of their lighting systems (Ibaraki 2016). An adequate evaluation of
lighting efficiency is essential for determining methods of improving it.

As previously described, supplementary lighting is implemented for various
purposes. The direct evaluation of supplementary lighting involves estimating the
benefit/return corresponding to the objectives of an endeavor. This could be obtained
by calculating the supplementary lighting per unit cost or per unit energy consump-
tion required for the lighting. For example, a method to evaluate the efficiency of
supplementary lighting for photosynthesis is to estimate the amount of biomass
produced per unit of energy used to irradiate the plants (Ibaraki 2016). The possible
benefits of supplementary lighting depend on the purposes of the lighting, e.g.,
increase in the concentration of the target component or control of period of flowering.

These parameters can be estimated by comparing results of a cultivation utilizing
supplementary lighting with that not utilizing supplementary lighting. However, this
approach may not be realistic as it requires cultivation without supplementary
lighting for every comparison. Moreover, comparison or quantification of the results
might be difficult in some cases, such as supplementary lighting for controlling
morphogenesis or protection from plant disease. Alternatively, a possible important
index is determining to what degree the distribution of light intensity is changed by
the supplementary lighting. Thus, lighting efficiency can also be evaluated by
interpreting the extent of light intensity that can be improved on leaf surfaces.

A method of evaluating the efficiency of supplementary lighting based on light
intensity distribution on a canopy surface, expressed as a PPFD histogram, was
previously developed (Ibaraki and Shigemoto 2013). This is based on the method
developed by Ibaraki et al. (2012a, b), wherein the reflection images of plant
canopy surfaces at specific ranges of wavelength acquired with a digital camera are
used for the estimation of PPFD on leaf surfaces. The pixel value of the image is
converted into a PPFD by a regression model determined from the PPFD measured
at one point on the canopy with simultaneous imaging, following which a PPFD
histogram is constructed. To characterize the PPFD distribution, an average PPFD,
a median PPFD, and the coefficient of variance of the PPFD over the illuminated
canopy surface can be calculated from the PPFD histogram. In addition, the fraction
of leaf area with a PPFD value greater than a certain threshold can be calculated.
This method has been applied for analyzing PPFD distribution on the canopy
surface in tomatoes grown in a greenhouse (Ibaraki et al. 2012a) and lettuces
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Fig. 2.2 Example of the variation of efficiency of supplementary lighting with line-type LED
lighting systems for tomato plants. Parameters were estimated for evaluating the efficiency in each
plant (n = 20)

cultivated under artificial lighting (Miyoshi et al. 2016). Integrated PPFD over all
illuminated leaves per unit power consumption (IPPC) was then proposed as a
criterion for evaluating the efficiency of supplementary lighting (Ibaraki and
Shigemoto 2013). IPPC was calculated by the following equation:

IPPC (pmol sT'Wlor umolJ’l)
_ Averaged PPFD (pumolm?s™!) x Projected leaf area (m?)
N Power consumption for lighting (W)

Ibaraki and Shigemoto (2013) reported that the histogram pattern of PPFD on a
tomato plant canopy surface under supplementary lighting depended on the canopy
structures, types of light sources, and distance between lamps and the canopy
surfaces, along with the difference in the efficiency, IPPC. Figure 2.2 shows an
example of variation of the efficiency, IPPC, when each plant was irradiated by the
same type of supplementary devices set at the same distance from plants in tomato
cultivation in a greenhouse (Fig. 2.2). It should be noted that lighting efficiency
depended on the canopy structure (leaf distribution pattern); therefore, lighting
efficiency changed with time corresponding to plant growth.

2.6.2 Practices to Increase the Efficiency of Supplementary
Lighting

Figure 2.3 shows a strategy for improving the efficiency of supplementary lighting.
An effective method is to use lamps with high luminous efficacy. However, lighting
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Fig. 2.3 Practices for
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efficiency also depends on the arrangement of the lamps and/or the plant canopy
structure being irradiated (Ibaraki 2016). Minimizing unnecessary irradiation, such
as irradiation that excludes plants, should be considered. This might depend on
several factors, including lighting direction, light distribution of lamps, and the
distance from plants. The timing of lighting is also important for supplementary
lighting (Ibaraki 2016): Lighting at night is effective for promoting the growth of
lettuce (Fukuda et al. 2004), and end-of-day lighting, which is irradiation just before
the onset of darkness, is effective in controlling plant morphological events (e.g.,
Yang et al. 2012). The efficiency of supplementary lighting can be improved in
regard to irradiation position (Ibaraki 2016). Moreover, the parts of plants to be
irradiated should be considered based on the physiological properties of the plants.

2.7 Conclusion

LED supplementary lighting is a promising technology for improving crop pro-
ductivity and quality by controlling plant growth and development. The most
significant merit of LED technology as a light source for supplementary lighting is
its flexibility for controlling the light environment. By using LEDs, the effects of
light quality, i.e., light spectrum, on plant growth and development can be revealed
in detail, thereby allowing effective supplementary lighting guidelines to be
developed. To take full advantage of LED supplementary lighting, it is essential to
adequately evaluate the efficiency of LED lighting. Therefore, for evaluating the
efficiency of supplementary lighting, it is important to determine how much of the
light distributed on the plant canopy surface is changed by the supplementary
lighting. Moreover, this contributes to improve stability and reproducibility in both
research and application of supplementary lighting.
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Chapter 3
Influence of Light-Emitting Diodes (LEDs)
on Light Sensing and Signaling Networks
in Plants

T. Pocock

3.1 Introduction

In 2016, an estimated 54% of the world’s population lived in urban centers, and by
2030, this will increase to 60% (United Nations 2016). In addition to the demo-
graphic shift, 50% more food will need to be produced by 2030 resulting in an
estimated 45% increase in energy and 30% increase in water consumption (U.S.
Global Change Research Program (USGCRP) 2015). Simultaneously, agricultural
areas are becoming increasingly climate-challenged suffering from drought, heat
waves, flooding, hurricanes, and pollution, and this is physically threatening our
food security (IPCC 2014; USGCRP 2015). As a response to the above concerns,
many entrepreneurs are investing in the intensive cultivation methods of controlled
environment agriculture (CEA) to ensure the year-round availability of food.
Initially, CEA referred to greenhouses, but a more recent CEA system is the plant
factory (PF), where light is supplied solely by electric lamps (sole-source lighting;
SSL; Kozai et al. 2015). Both types of facilities are equipped with heating, venti-
lation, and air conditioning (HVAC) systems, CO, enrichment systems, and light
(Kozai et al. 2015). Out of the 35,000 plant species under cultivation, approximately
7,000 are used for food; while in CEA, the major food crops are tomatoes, leafy
greens, cucumbers, pepper, and eggplant, each of which contains many different
cultivars (Khoshbakht and Hammer 2008). Understanding and unifying plant
evolution, plant physiological processes and acclimation responses will accelerate
the development of lighting programs for CEA crops growing under light-emitting
diode (LED) light sources.
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Plants have survived in the natural world through their ability to sense and
integrate at least fifteen different environmental variables (light quantity, quality and
duration, temperature, humidity, CO,, soil moisture, and nutritional status, among
others) simultaneously with high sensitivity, and they manage these large data sets
through sophisticated and complex sensing and signaling networks (Trewavas 2002;
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Fig. 3.1 Acclimation paradigm. Both the photon flux density (PFD) (hv) and the spectral
distribution (L) are primary effectors in plant acclimation responses. The receptors consist of
families of photoreceptors as well as the photosynthetic apparatus and pigments within the
chloroplast. Once activated by narrow, broad, or intense bands of light, they transmit signal
molecules that turn on acclimation or housekeeping genes primarily in the nucleus. The
acclimation responses include optimizing photosynthetic efficiency, altering development and
growth, avoidance (movement) and photoprotection, and repair (phenotype). The acclimation
paradigm has traditionally been examined with respect to stress, but this fundamental knowledge is
transformative and can be used to influence CEA grown crops using the quantity (PFD), quality
(M), duration and timing (Pulse Width Modulation (PWM) or photoperiod)
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Karpinski and Szechynska-Hebda 2010). They utilize light not only as an energy
source for photosynthesis, but also as an information source that enables them to
predict and respond to imminent changes in their environment. The evolution of
plant sensing and signaling networks has made the plant kingdom one of the richest
on Earth and has enabled them to dominate every terrestrial environment (Trewavas
2002; Scheffers et al. 2012). The early investigations on light signaling networks
were performed under high and low photosynthetic photon flux densities (PPFD,
400-700 nm) or darkness and the steps in signal transduction during light-mediated
development (photomorphogenesis) have been elucidated. Signal transduction cas-
cades are three-step biochemical events (receive—transduce—respond) that serve to
amplify and coordinate signals that induce the acclimation paradigm (Fig. 3.1).
The first step is sensing and processing a signal imposed by an effector such as
light. Plants sense changes in the photon flux density (PFD between 380 and
750 nm), daily light integral (DLI), quality (wavelength and spectral ratios),
duration (clouds, sunflecks, frequency, and pulse width modulation; PWM), and
timing (photoperiod) by way of organelles (chloroplasts) and families of individual
photoreceptors. In contrast to animals, whose photoreceptors are limited to spe-
cialized organs such as the eyes, plants have light sensors embedded in every tissue
(Galvao and Frankhauser 2015). In addition, photoreceptors are expressed in dif-
ferent tissues at different developmental stages (Goosey et al. 1997; Sakamoto and
Briggs 2002). To the human eye, light responses in plants often appear subtle due to
their sessile nature, but internally light has a dynamic and strong influence on the
regulation of plant processes. The second step of signal transduction amplifies the
signal through biochemical cascades involving the phosphorylation or conforma-
tional change of second messengers that ultimately result in the activation or
repression of gene expression and/or the modification of proteins and pigments
(Clark et al. 2001; Giraudat and Schroeder 2001; Taiz and Zeiger 2010). Lastly, a
cellular, long distance, or whole plant response is realized. Plants have the ability to
acclimate, and this is often confused with adaptation, the inherited genetic capacity
to survive environmental pressures over many generations. Acclimation responses
involve either short-term (seconds to minutes) or long-term (hours, weeks, seasons)
reversible reprogramming of molecular and biochemical events that result in altered
plant physical and chemical attributes (Taiz and Zeiger 2010; Chory 2010; Alter
et al. 2012; Demmig-Adams et al. 2012; Schottler and Toth 2014; Ruban 2015).
Acclimation products protect plants under stress indoors or in nature where it serves
to maintain photosynthesis and growth; however, these acclimation products can
play a concomitant protective function in human health and can add value to the
consumer and grower, respectively. Positive acclimation responses include nutrient
density (functional foods), stress resistance (shelf life), increased pathogen and
herbivore defense metabolites (aroma and taste), and pigmentation (appearance).
Plants are resilient, and another unique plant quality is the level of plasticity that
many species possess. Phenotypic plasticity is defined as the range of phenotypes
(morphology, anatomy, development, and nutrient density) expressed by a single
genotype as a response of changes in the environment (Gratani 2014). Phenotypic
responses to light include the control of leaf mass per unit area, stomata size and



40 T. Pocock

density, height, flowering time, seed size, water use efficiency, leaf size, shape and
thickness, root-to-shoot ratio, specific root length, plant chemical defense, pig-
mentation, energy capture within the chloroplast, thylakoid membrane dynamics,
and photosynthesis (Nicotra et al. 2010; Ruban 2015). In short, the interaction of a
crop plant with light and the ability of a crop to manifest different and desirable
phenotypes are genetically determined and will depend on the selection of the crop
species and cultivar (Fig. 3.2).

Conversely, growth conditions, particularly light, have been shown to be able to
push genetic limitations further (Rosevear et al. 2001; Marin et al. 2015). Another
interesting aspect of light acclimation of plants is their ability to store and use PFD
and spectral compositions for several days and even months in anticipation
(Karpinski and Szechynska-Hebda 2010; Thelier and Luttge 2012). Hardening,
conditioning, or priming are common terms used to describe the acclimation process.
Farmers often place field transplants in cold frames where they are exposed to
sunlight and low temperatures before planting them in the field due to the increased
stress tolerance as a result of acclimation. The effects of crop acclimation are not
new, but the idea of the maintenance and induction of acclimation responses through
stored light memory is just the beginning to be understood at the physiological and
molecular levels (Crisp et al. 2016). Fundamental plant acclimation research is
primarily focused on advancing the understanding of controlled stress responses at
the cellular and molecular levels in the model plant organism, Arabidopsis thaliana.
Crop physiology needs to be matched with LED electronic characteristics to achieve
acclimation and vice versa. The development of light strategies using LEDs in CEA
is in its infancy, and there have been rapid advances in the electronics and spectrum
control. Learning how to use LEDs to influence crops can progress further through

Fig. 3.2 Acclimation of the red pigmentation in red lettuce Rouxai is spectrum dependent.
Pictorial representation of 28-day-old red lettuce Rouxai plants grown under phosphor-converted
LEDs (left) and cool white fluorescent (right) light under similar cultivation and environmental
conditions. Growth conditions were 200 umol m 2 s™' PPFD, 16 h photoperiod, and day/night
temperatures 25/20 °C in isolated hydroponic unit areas containing 53 plants, EC 1.6 (Pocock data
unpublished)
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the understanding how, what, and when plants sense and process narrow bands of
the spectrum. This review describes the characteristics of natural and electric light
and how plants sense and respond to fluctuations on time scales from femtoseconds
(light capture) to months (development). Understanding and integrating fundamental
plant physiology research into applied CEA through advanced solid-state technol-
ogy has a large potential to further enhance crop production. How to activate or
reverse light acclimation through sensing and signaling networks in plants using the
characteristics of LEDs is discussed.

3.2 Characteristics of LED Systems that Can Activate
Plant Networks

Electric lamps have been used in CEA for almost 150 years, and horticulture
lighting technologies closely follow those used for human applications (Wheeler
2008). Until now, the best light environment for specific crops or different growth
stages (propagation, vegetative, flowering, and fruiting) in greenhouses was limited
to incandescent lamps (1920s), fluorescent lamps (1930s), and high-intensity dis-
charge lamps such as high-pressure sodium (HPS) and metal halide (MH) (1950s)
(Wheeler 2008). Plant factories require a different light strategy as they consist of
closely spaced shelves of crops, usually leafy greens, where fluorescent lamps or,
more recently, LED systems are being used. The first technological development
since the 1950s is solid-state lighting such as the light-emitting diode (LED). The
first visible-light LED produced in 1962 was red, and since the 1990s, they have
become brighter and many more direct-emission wavelengths have become avail-
able through materials and deposition improvements (Krames 2016). Phosphor
conversion of light has been employed for over 50 years, for instance, fluorescing
natural earth elements or synthetic materials are mixed and applied to fluorescent
and metal halide lamps to block much of the UV light while emitting ‘white’ light
within the human visible range (380-720 nm) (Van Broekhoven 2001). In 2014,
the Nobel Prize was awarded for the invention of an efficient blue LED, and this led
to the creation of the white LED through the phosphor down conversion of
high-energy blue wavelengths (George et al. 2013). The wide availability of
adjustable narrow band and phosphor-converted wavelengths offers almost limitless
light algorithms; however, due to crop and wavelength specificity, generalizations
are difficult to make. The physical benefits of using LEDs in horticultural settings
include their long lifetime, rapid cycling (on/off), the variety of spectral distribu-
tions (color mixing), the lack of infrared radiation (heat), the potential for new
designs, and in some cases energy savings. Three characteristics of LED systems
can be used to activate beneficial acclimation responses are quantity (PFD), quality
(wavelengths), duration (milliseconds to days), and timing of light.

Some plants function better under low light such as leafy greens ( <250 pumol
m 2 s ' or ~ 12 DLI), where they are able to balance photosynthesis with respiration
(Kiang et al. 2007). Others do well at higher light (>600 pmol m 2 s 'or ~26 DLI)
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with the upper limit determined by resource limits (water, nutrients, and CO,). The
PFDs at crop level under LED systems can be adjusted through fixture engineering
and design such as increased number of LEDs, adjusting current, good thermal
management, and the use of optics to concentrate photons or simply, physically
moving luminaires closer to the crop. The intensity levels of light (PFD) required by
plants are far greater than that for human vision and light output is a challenge for
horticultural fixtures. The spectral distributions and the peak maxima (Ap,y) of a
horticultural light system had significant effects on plant growth, development, and
metabolism. Johkan et al. (2012) not only confirmed that green light participates in
photosynthesis and plant growth, but the results also showed that 10 nm differences in
Amax Of the green LEDs can have significant negative effects on photosynthesis and
photomorphogenesis of lettuce. This has also been observed in the blue region of the
spectrum, red lettuce grown under LEDs with similar PPFDs, and blue (10-17%) to
red (90-87%) ratios had significantly less fresh weight and lower anthocyanin con-
centration when the A, of the blue LEDs was 434 nm compared to 470 nm (Pocock
2015a). Thus, crop species and their cultivars are differentially sensitive to narrow
bands of light emitted by LED systems. In addition to the effects of the A, for green
LEDs, this could potentially be the same for the red region of the spectrum, as a broad
band between 580 and 630 nm has been correlated to photosystem II photodamage
(Takahashi et al. 2010). The only other region that had high photodamage efficiency
was UV, below 420 nm (Takahashi et al. 2010). Another characteristic of LED sys-
tems that can be used to maintain, inhibit, or activate sensing and signaling networks is
dimming through pulse width modulation (PWM). Much like photosynthesis, dim-
ming LEDs using PWM consists of light and dark phases. The duty cycle is the
fraction of one period the LED is on and is frequently expressed as a percentage. Low
PFDs are achieved with lower duty cycles, and the highest PFD is achieved at duty
cycles of 100% (on all of the time). Another light modulation aspect of LED systems is
the frequency in Herz (Hz) or cycles per second; for HPS and fluorescent light, it is
between 50 and 60 Hz. Although PWM and frequency are not usually adjustable or
described in horticultural LED data sheets, it could be used to modulate and acclimate
CEA crops. The effects of pulsed and continuous light on plant and algal photo-
chemistry and growth have been examined historically using rotating shutters in front
of incandescent and HID light sources, but the results were not consistent and were
often contradictory, although recently LEDs have been used as a pulsed light source. It
took a few billion years for photosynthesis to evolve under a fluctuating Sun, and it
will take time to explore, understand, and improve it using programmable narrow
bands of electric light.

3.3 Mimicking the Sun

Advantages to growing high value and perishable crops (greens, tomatoes,
cucumbers, and peppers) in CEA compared to field production are: year-round
production, higher yields, higher visual quality, and sometimes, better nutritional
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quality, and thus higher market value (Gruda 2005). There is increased awareness
and demand for nutritional or functional foods, and the superior aromas and flavor
of field grown crops are suggested to be in large part due to the fluctuating solar
light quantity (PFD), quality (wavelength), and distribution (time and space) (Bian
et al. 2014). Greenhouse crops can obtain approximately 73% of their required light
energy from the Sun, and the light transmitted through most greenhouse glazings
scatter the light while filtering out the UV-B and most of the UV-A. Lighting
requirements and the spectral control of crops in greenhouses and under sole-source
lighting in PFs needs to be examined separately, as greenhouse crops are exposed to
the natural fluctuations of sunlight. Better understanding on both the dynamics of
the Sun and the dynamics of plant sensing and signaling networks will be beneficial
for both scenarios.

Solar fluctuations are occurring constantly on long-term time scales such as the
11-year cycle, annual, or monthly (seasonal), and on the short-term including
daily, minutes, and even sub-second time scales (Tomson 2010; Kopp and Lean
2011). LED technology has now enabled horticultural lighting to mimic both the
spatial, spectral, temporal, and fluctuating properties of the Sun. In nature or in a
greenhouse, both the PPFD and the spectrum are in constant flux and plants
respond or acclimate immediately. A fourteen-year study of the DLI in Ithaca,
New York, indicated yearly variances of 15 (winter) to 60 mol m 2 day '
(summer) on a given day during the summer months (Albright et al. 2000). On a
shorter timescale, fluctuations in solar radiation can be significant under fast
moving clouds and can oscillate up to 600 W/m? (2742 pmol/m?/s) within sec-
onds (Tomson 2010). The spectral quality of light also changes significantly over
time such as under different cloud types moving across the sky, the growth and
shading of neighboring plants or rapid sunflecks. Solar spectral distributions were
monitored under different sky conditions for 15 months in Miami, Florida, and
significant diurnal variations were observed (Lee and Downum 1991). Large
increases in the blue-to-red ratios occurred at sunrise and sunset, there was an
early dawn drop in the blue-to-red ratio followed by a large increase at sunrise and
a decrease an hour later and, R:FR ratios were significantly high immediately after
sunrise (Lee and Downum 1991; Lee and Hernandez-Andres 2005). Atmospheric
water content, aerosols, and cloud cover are dynamic and will also affect the
amount and type of light reaching the plant canopy. Under thinly cloudy skies,
blue light was enhanced by 5-15%, red light was diminished by 6-11%, daily
light integral was 85% lower, and the light reaching the plant was diffuse
(Reinhardt et al. 2010). Clearly, the natural light environment is dynamic and the
benefits of dynamic lighting on crops can now be theorized and tested. The ability
to rapidly control all LED characteristics is opening up new possibilities for
targeting specific sensing and signaling pathways in plants (Pocock 2015b). The
acclimation processes that plants use in nature are often beneficial and can now be
mimicked using LEDs.
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3.4 Integration of Plant Biology into Engineered Lighting
Systems

There is a large potential to increase crop yield and crop quality in CEA using
solid-state lighting, although the precise knowledge of which wavelengths to use
for how long, at what time, and at what PPFD for specific crop plants is still largely
unknown. Crop quality is a subjective and complex term. It has different meanings
depending on the desired outcome; for producers, it can refer primarily to high
yield, stress tolerance, shelf life, appearance, and smell. Consumers would more
likely describe quality as freshness, appearance, color, smell, taste, texture, nutri-
tional value, and health benefits. Photosynthesis underlies all plant functions
including the energy required for growth, acclimation processes, and the respective
improvement of crop qualities. Therefore, an important function of any horticultural
light system is the ability to drive photosynthesis. McCree (1972) published the
action spectra for 22 different crop plants in order to determine the spectral
boundaries of photosynthetic active radiation (PAR), and it was concluded and
subsequently confirmed to be between 400 and 700 nm (Hogewoning et al. 2010).
Isolated chlorophyll absorbs in the blue and red regions of the spectrum; however,
in the plant cell, chlorophyll is bound to a protein and embedded in the thylakoid
membrane, and this broadens its absorption properties across the solar spectrum
(Blankenship 2002). Light capture is fundamental to photosynthesis, and apart from
chlorophyll, accessory pigments are important components of the light harvesting
complexes where they absorb in the blue, green, and red regions. Accessory pig-
ments include the carotenoids (i.e., B-carotene, zeaxanthin, and lutein), and in
addition to light harvesting, they protect the photosynthetic apparatus from over

Blue absorbing pigments-proteins:
Chl b and xanthophylls
\4
Green absorbing pigments-proteins:
Chl b and xanthophylls

Orange absorbing pigments-proteins:
Carotenes and xanthophylls

Energy

- Red absorbing pigments-proteins:
Reaction center Carotenes and Chl a

Photosynthesis

Fig. 3.3 Funnel concept of light absorption in photosynthetic antennae systems. The distal parts
of the antennae (furthest from the reaction centers) absorb maximally at shorter wavelengths
(higher energy) than do the pigment—protein antennae complexes proximal to the reaction centers
of the photosystems. Although not all energy transfer events are downhill, this schema depicts the
organization of light harvesting and the need for a broad spectrum of light for maximal efficiency.
Redrawn from Blankenship (2002), Ruban (2015)
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excitation through quenching excited chlorophyll and the thermal dissipation of
excess light energy (Esteban et al. 2015; Ruban 2015). Pictorially, light harvesting
can be seen as funnelling light down an energy gradient to the reaction centers
(Fig. 3.3). Blue and red light are absorbed preferentially at the adaxial side (top) of
leaves and are more efficient at driving photosynthesis in this region compared to
green light (Sun et al. 1998; Nishio 2000; Terashima et al. 2009).

As a consequence, green light is transmitted deeper into the leaf and is more
efficient than either blue or red light at driving CO, fixation at the abaxial sides
(bottom) (Sun et al. 1998; Terashima et al. 2009). Green light is absorbed and
utilized by plants in photosynthesis and should be present in CEA light environ-
ments (Vogelmann and Han 2000). Unlike conventional lighting, a unique feature
of LEDs is that their narrow bands can be simultaneously and rapidly used to
activate endogenous sensing and signaling networks used in acclimation processes.
Typically, sensing and signaling in plants refer to the five families of photoreceptors
containing at least 12 different photoreceptors; however, there is another primary
sensing and signaling network that works daily to maintain photosynthetic effi-
ciency and is known as photosynthetic control (Pfannschmidt 2003; Méglich et al.
2010; Pfalz et al. 2012; Snowden and Inzé 2016). There is a lot of redundancy and
cross talk between the plant sensing signaling networks, and this increases the
complexity of programming LED light programs to yield desired crop qualities.
Different plant species, different spectral combinations, different photoperiods and
irradiances, and different modes of growth have been used in the published liter-
ature which makes it difficult to draw general or definitive conclusions.

Another LED characteristic that can be engineered into horticultural LED light
systems is PWM (Sager and Giger 1980; Tennessen et al. 1995; Jao and Fang 2004;
Olvera-Gonzalez et al. 2013). Only a few reports of the effect of pulsing conven-
tional or LED light on photochemistry and plant health have been published, and
more evidence needs to be collected before this opportunity can be used. There was
no general consensus with respect to the benefits of pulsing light in the literature
cited above; however, one common thread was observed. The length of the dark
period of PWM had the primary influence on the photosynthetic rates of plants
grown or exposed to pulsed LED light. From an energy perspective, Jao and Fang
(2004) examined the interactive effects of duty cycles and frequency in the growth
of potato plantlets and concluded that using blue and red LEDs at 180 Hz and a
50% duty cycle over a 16 h photoperiod reduced energy consumption without
significantly affecting yield even when taking heat removal from the growth area
into account. A. thaliana plants moved from growth under constant light in the
laboratory to fluctuating solar conditions in the field developed higher maximum
quantum efficiencies of PSII, had lower NPQ and zeaxanthin values and higher
photosynthetic capacities (Wituszynska et al. 2013). In contrast, when light from
undisclosed light sources fluctuated from 200 to 2000 pmol m™ 2 s~ ', a decrease in
quantum Yyields of photosynthesis but higher NPQ and zeaxanthin concentrations
was observed (Kromdijk et al. 2016). These latter results confirm findings from a
sunfleck simulation study, where short pulses of light (20 s) in contrast to long
pulses (40 min) increased NPQ (Alter et al. 2012). When using more than one
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wavelength (color), the timing of the pulses of the different LEDs can be in or out of
phase which can alter plant metabolism. The effect of timing of pulsed and direct
current (100% duty cycle) of blue and red LEDs was examined on the model
organism A. thaliana (Shimada and Taniguchi 2011). The pulsed red and blue
LEDs were driven at 2.5 kHz with a 45% duty cycle in phase (¢ = 0°) and out of
phase (¢ = 180°), and both the leaf area and chlorophyll concentration were neg-
atively affected when grown out of phase (Shimada and Taniguchi 2011). Different
spectral regions were illuminating the plant canopy in a nonuniform pattern and
therefore were ‘affecting’ the sensing and system networks sequentially; the biology
was also out of phase.

3.5 Sensing and Signaling Networks:
What Are They and How Do They Work?

3.5.1 Photosynthetic Sensing and Signaling Networks:
Photosynthetic Control

Photosynthetic sensing and signaling networks, also referred to as photosynthetic
control (PSC), are predominant in plants and are used in rapid day-to-day opera-
tions (Pfannschmidt et al. 1999; Zachgo et al. 2013). Light is a requirement for
plants, but paradoxically, it is damaging, and without acclimation mechanisms,
plants would not have survived four million years of evolution in terrestrial envi-
ronments. Beneficial light acclimation responses initiated by PSC include increased
photosynthetic efficiency, stomatal opening, nutrient density, germination, plant
height, specific leaf weight, and plant defense (Pocock et al. 2001; Pfannschmidt
2003; Zhu et al. 2004; Buchanan and Balmer 2005; Potters et al. 2010; Wang et al.
2009; Hiiner et al. 2012). The chloroplast, and more precisely the energy balance of
the different components of the electron transport chain, is considered a global plant
sensor (Huner et al. 1998; Murchie and Lawson 2009; Biswal et al. 2011). The
complex set of photosynthetic reactions can be divided into three phases based on
their time constants: (1) primary photochemistry, (2) electron shuttling, and
(3) carbon metabolism (Ruban 2015). Primary photochemistry involves light cap-
ture, energy transfer, and charge separation within the photosystems that subse-
quently induces the electron transfer reactions (Blankenship 2002). The two
photosystems, photosystem II (PSII) and photosystem I (PSI), work electrochem-
ically in series within the thylakoid membrane, they absorb different spectral
regions. For efficient photosynthesis, they must receive similar amounts of light
energy as imbalances will cause limitations in the electron transport rate (Durnford
and Falkowski 1997; Huner et al. 1998; Hiiner et al. 2012; Ruban 2015). Primary
photochemistry is typically very efficient and rapid, light capture by the light
harvesting complexes occurs within femtoseconds (10~°) while charge separation
occurs within pico- and nanoseconds (1072-107") (Tennessen et al. 1995;
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Biswal et al. 2011). The second phase involves the extraction of electrons from
water, and the subsequent transfer from PSII to PSI through a series of electron
carriers. This occurs within micro- to milliseconds (10_6—10_3) unless the light
energy absorbed exceeds the utilization of the chemical energy in plant metabolism
(Huner et al. 1998; Biswal et al. 2011; Ruban 2015). The third phase, carbon
metabolism, utilizes ATP and NADPH that are products of electrochemical gra-
dients and electron transport, and it occurs on the order of seconds to minutes
(Blankenship 2002; Ruban 2009; Biswal et al. 2011; Ruban 2015). The rate con-
stants for the three phases of photosynthesis span orders of magnitude and
imbalances are constantly occurring either through changes in the environment
(light, temperature, CO,) or, in some cases, circadian rhythms (Hennessey and Field
1991; Dodd et al. 2014; Hiiner et al. 2012). The balance of energy flow between the
three photophysical and photochemical phases of photosynthesis is called photo-
stasis and has been expressed mathematically as follows:

-1
opsnkr = nt -,

where Gpgy is the effective absorption cross section of PSII (probability of a photon
being absorbed and used in photochemistry), E; the irradiance, n the number of
metabolic electron sinks, and 7~ is the rate that photosynthetic electrons are uti-
lized by metabolic sinks (carbon, nitrogen, sulfur) (Huner et al. 1998; Falkowski
and Chen 2003; Oquist and Huner 2003; Ensminger et al. 2006; Hiiner et al. 2012).
The left side of the equation is affected by the quantity (high light), quality
(wavelengths), and timing (PWM or longer fluctuations) of light, whereas the right
side consists of enzymatic reactions and is temperature dependent. Therefore, the
timing and duration of light can affect changes in crop characteristics using PSC,
but temperature must also be taken into account.

LEDs can activate PSC in three ways (quantity, quality, and timing), and this
elevates the signals within the chloroplast (Murchie and Lawson 2009). These
signals derived from chloroplasts regulate plastid gene expression, but they are also
considered retrograde in that they convey information to the nucleus which in turn
turns on nuclear gene expression necessary for the acclimation paradigm (Chi et al.
2013). A benefit of increasing crop quality using PSC is that the onset can be
measured in situ before visual acclimation responses occur using chlorophyll
a fluorescence (CF) (Maxwell and Johnson 2000). This noninvasive technique
measures the redox status of the chloroplast (plant health and stress) and is used
regularly in research laboratories to rapidly measure photochemical efficiencies
(Fyv/Fyz, (Y(IT)) and nonphotochemical quenching (NPQ), the latter an indicator of
nutrient density (Miiller et al. 2001; Kopsell and Sams 2013; Cohu et al. 2014;
Ouzounis et al. 2014). In short, using PSC and CF to optimize the crop can speed
up the development of LED light programs by estimating the chloroplastic energy
balance under a specified light source.

LED systems can be used to disrupt photostasis at any time during crop growth.
Plastoquinone (PQ) shuttles electrons out of PSII into the electron transport chain,
and it is well accepted that PQ is a primary sensor and signal in PSC
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(Huner et al. 1998; Pfannschmidt 2003; Pfalz et al. 2012; Foyer et al. 2012). The
redox state of PQ is measured as the photochemical quenching of CF and is
expressed as 1-gp or 1-qr, and growth under conditions where the PQ pool is
reduced (high 1-qp) has practical applications as it can increase stress tolerance,
modulate plant height, and increase nutritive qualities among others (Huner et al.
1998; Pocock et al. 2001; Cohu et al. 2014). Spectral activation of PSC on crop
plants using LED rather than conventional systems is less well understood. The PQ
pool can sense the spectrum and is ‘activated’ (reduced) when the spectral distri-
bution is below 680 nm and ‘de-activated’ (oxidized) under a spectral distribution
that contains far-red light (>700 nm) (Piipo et al. 2006). How this can be used to
influence crop growth and development is unknown. The acidification of the lumen
(ApH) during photosynthesis also senses changes in light and regulates electron
transport through the activation of nonphotochemical quenching (NPQ) in PSII
(Foyer et al. 2012; Kono and Terashima 2014). The photoprotective xanthophyll
cycle is a significant component of NPQ and involves the increase in zeaxanthin
concentrations within the plant, an important dietary nutrient for eye health (Niyogi
1999; Semba and Dagnelie 2003; Kopsell and Sams 2013; Cohu et al. 2014). ApH
and NPQ are reversed in the dark, and this sensing system is considered to be
primarily a response to fluctuating and high light rather than light quality (Tikkanen
et al. 2010). However, it has been recently reported that orchids (Phalaenopsis
hybrid ‘Vivien’ and ‘Purple Star’) growing under natural shaded light with sup-
plemental 40% blue and 60% red LEDs resulted in higher NPQ with subsequent
higher levels of zeaxanthin and another beneficial nutrient, lutein (Ouzounis et al.
2014). Adjusting the intensity, spectrum, and timing of LEDs offers a way to
increase crop nutritive value through the regulation of the redox state of PQ, ApH,
and the resulting NPQ (Hiiner et al. 2012; Cohu et al. 2014). Two other
lesser-known redox signals are thioredoxin and reactive oxygen species (ROS). The
ferredoxin/thioredoxin (F/T) system is a light sensor that is linked to PSI. In plants,
it has been found to regulate 43 proteins and 15 physiological processes (Buchanan
and Balmer 2005). The F/T system is activated by high light or preferential exci-
tation of PSI (>700 nm) relative to PSII (<680 nm) and is primarily involved in the
regulation of photosynthesis. For a long time, reactive oxygen species (ROS) were
solely associated with light-induced oxidative stress (Mittler et al. 2011; Baxter
et al. 2014). It is now accepted that ROS is a PSC redox signaling molecule that
regulates protective responses against pathogens in plants (Lehmann et al. 2015).

Another beneficial nutrient that is under PSC is the red/purple pigment antho-
cyanin. Similarly to zeaxanthin and lutein, their dietary uptake is correlated with
human health such as in the treatment of vision disorders, protection against neu-
rological disorders, reduced incidence of cardiovascular disease, increased cogni-
tive ability, and, lastly, they act to enhance antioxidant defences (Lila 2004).
Anthocyanins are water-soluble pigments belonging to the flavonoid group of
polyphenols that are found in all plant tissues, including flowers, berries, and leaves
(Davies 2004). They are deposited in the leaf epidermis where they act as a sun-
screen to protect the photosynthetic apparatus from over excitation and damage
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(Huner et al. 1998; Davies 2004). An example of using PSC to increase antho-
cyanin concentrations in red lettuce Rouxai plants was observed after a 24 h shift
from a spectrum that resulted in high biomass but green leaves to a spectrum where
the plants had lower biomass but significantly higher anthocyanin red leaves
(Pocock 2015a). Lettuce plants were grown under a red (660 nm) and blue
(460 nm) or phosphor-converted white LEDs (high biomass) and shifted to cool
white fluorescent light (high anthocyanin), and this resulted in a 15-fold increase in
anthocyanin concentration within 24 h (Pocock 2017). The reddening of the lettuce
crop was also captured with time-lapse photography in parallel with in situ CF
measurements (Fig. 3.4).

The effective PSII quantum yields (Y(II)) increased and NPQ decreased sig-
nificantly and was detected within 1 min after the spectral shift, 4 h before visible
reddening was becoming apparent. Functionally, photochemical energy conversion
became more efficient while thermal dissipation of absorbed light energy decreased
after the shift. In experiments where the plants were shifted back to their original
growth light, acclimation was completely reversed (data unpublished). Spectral
analyses revealed that the wavelengths responsible for this acclimation response has
Amax at 402, 530 nm, or 485 nm, and this is currently being teased out in the
laboratory. Acclimation responses under PSC have been studied extensively from a
stress perspective. However, as described above, light can be used in multiple ways
to elicit desired acclimation responses on crop plants grown in CEA.

Fig. 3.4 Time-lapse photography of red lettuce Rouxai was shifted at day 24 from a
phosphor-converted horticultural LED environment where the plants had high biomass but poor
biochemistry (pigmentation) to a cool white fluorescent environment that produced small plants
with high biochemistry (pigmentation). Numbers in lower right of frames represent number of
hours post shift
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3.5.2 Photoreceptor Sensing and Signaling Networks:
Photoreceptor Control

Photoreceptor (PR) sensing and signaling networks, referred to here as photore-
ceptor control (PRC), involve a multitude of photoreceptors that sense light across
the spectrum from UVB (280-315 nm) to far-red (700-750 nm). Long-term
development and the generation of new tissue are controlled by PRC; however, it
operates in parallel and coordination with the rapid operational PSC (Kami et al.
2010; Pfalz et al. 2012). The genes encoding two of the photoreceptor classes,
phytochrome and cryptochrome, are diurnally regulated indicating circadian control
as well (Fankhauser and Staiger 2002). This suggests that tuning narrow bands of
light in coordination with the circadian rthythm of photoreceptor expression could
be another way to optimize crop growth and development, although more research
is required.

All PRs contain organic, nonprotein components known as chromophores that
serve as the primary site of photon absorption (Mdglich et al. 2010). The best
studied PR class is the five-member phytochrome (PHY) family that sense the ratio
of red and far-red light through its chromophore, phytochromobilin (Casal 2000;
Franklin and Quail 2010; Kami et al. 2010; Chen and Chory 2011). The biologi-
cally inactive P, form is synthesized in the dark and is converted to the active Py,
form within 1-2 min in the presence of red light (660-670 nm) (Chen and Chory
2011). The conversion to Py is reversible by far-red light (725-735 nm), and
therefore, R and FR light act as rapid molecular light switches (Smith and Whitelam
1997). The use of mutants has led to the elucidation of many of the specific
functions attributed to each of the PHYA-E variants including a large number of
plant developmental processes such as seed germination (Casal and Sanchez 1998),
de-etiolation (Franklin and Quail 2010), shade avoidance and plant height (Franklin
2008), branching (Leduc et al. 2014), stomatal development (Casson and
Hetherington 2010), photoperiodic responses and flowering (Thomas 2006), cir-
cadian clock (Devlin and Kay 2000), plant immunity (herbivores/pathogens)
(Ballare 2014), and freezing tolerance (Franklin and Whitelam 2007). The indi-
vidual phytochrome species are controlled by red and far-red light as well as the
fluence rate, they have unique and overlapping functions throughout the life cycle
of plants (Franklin and Quail 2010; Li et al. 2011; Casal 2013). The most abundant
phytochrome in the dark is phyA that functions as a molecular switch that regulates
germination, de-etiolation, height, leaf architecture, stomatal index, circadian clock
entrainment, and photoperiod perception (Franklin and Quail 2010). Green light is
also sensed by the plant as ‘shade,” and it induces shade morphology similar to
PHY suggesting that the typical red/far-red response could in fact be broader with a
greater redundancy (Zhang et al. 2011). Finely tuned and timed light programs
could be developed using LEDs to impose beneficial crop qualities throughout the
crop lifecycle through PHY control.

There are three distinct classes of specific UV-A/blue light sensors: (1) cryp-
tochromes (cryl, cry2, and cry3), (2) phototropins (photl and phot2), and
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(3) Zeitlupes (ZTL, FKF1, and LKP2) (Lin and Shalitin 2003; Christie 2007,
Demarsy and Fankhauser 2009; Somers and Fujiwara 2009). The first class cryp-
tochromes (CRY) are ubiquitous photoreceptors across all kingdoms (Lin and Todo
2005; Li and Yang 2007). There are three CRYs in the model plant, A. thaliana,
cryl is involved in photomorphology (e.g., plant height and phytochemicals), cry2
is involved in regulating photoperiodic flowering, and cry3 is localized to the
mitochondria and chloroplast where it plays a role in repairing UV-induced DNA
damage (Koorneef et al. 1998; Lin 2000; Liu et al. 2011; Selby and Sancar 2006;
Pokorny et al. 2008). CRYs contain two chromophores, flavin adenine dinucleotide
(FAD) that functions as the primary light sensor and a pterin derivative that harvests
and transfers additional light energy to FAD from the near UV region (370—
390 nm) (Hoang et al. 2008). CRYs show maximal activity within microseconds
when exposed to photons between 400 and 500 nm with A, at 450 nm and
shoulders at 430 and 470 nm while the less active pterin absorbs maximally at
380 nm (Ahmed et al. 2002; Mdglich et al. 2010; Chaves et al. 2011; Christie et al.
2015). The absorption and activation properties are similar for all plant blue light
receptors (Conrad et al. 2014). In addition to the above examples, CRYs are
involved in the control of seed dormancy and germination (Barrero et al. 2014),
de-etiolation (Ahmed and Cashmore 1993), circadian clock (Somers et al. 1998;
Devlin and Kay 2000), anthocyanin biosynthesis (Ahmed et al. 2002), branching
(Leduc et al. 2014), and stomatal opening (Sellaro et al. 2010). Similarly to PHYs,
there is a photocycle for CRYs where blue light activates and darkness or green
light (500-600 nm) reverses or balances the activity. CRYs not only sense blue
light, but they sense and respond to changes in the blue-to-green ratio with higher
biological impact under high PFDs (Bouly et al. 2007; Sellaro et al. 2010).
However, it has also been reported that green light responses were enhanced under
low light conditions as is found in northern greenhouses during the darker months
(Wang and Folta 2013). The second class of specific UV-A/blue light sensors is the
phototropin (PHOT) and the Zeitlupe (ZTL) families that share an FMN chro-
mophore and light oxygen voltage domains (LOV) (Christie et al. 2015). PHOTS
and ZTLs absorb and are activated by the same spectral region as the CRYs;
however in contrast to CRYs, once activated they are not reversed by green light. In
fact, their absorbance spectrum gets shifted down to between 350 and 450 nm when
in the active form (Christie et al. 2015). In A. thaliana, there are two PHOTS, phot 1
and phot2, which regulate a wide range of relatively rapid responses to optimize
photosynthetic efficiency and growth under low light conditions (Takemiya et al.
2005). These include phototropism, chloroplast accumulation or avoidance
responses, stomatal opening, and leaf flattening (Suetsugu and Wada 2013). ZTL
serve a different function where they are primarily involved in the control of slower
light responses such as entrainment of the circadian clock and the onset of flowering
(Nelson et al. 2000; Demarsy and Fankhauser 2009). The dark inactivation of the
three ZTL members, ZTL, FKF1, and LPK2, is slow, approximately 62.5 h com-
pared to tens of seconds for PHOTSs and therefore do not revert fully to their
inactive state during the night (Zikihara et al. 2006; Demarsy and Fankhauser 2009;
Suetsugu and Wada 2013). The last and most recently discovered class of plant



52 T. Pocock

photoreceptor is the UV RESISTANCE LOCUS 8 (UVRS8) which absorb in the
UVB range (280-315 nm) eliciting photoprotective and repair mechanisms in
response to UVB damage such as the movement and anchoring of cell nuclei to the
bottom of plant cells as well as other as yet unidentified acclimation processes
(Heijde and Ulm 2012; Iwabuchi et al. 2016).

3.6 Conclusion

It is not hard to imagine futuristic CEA with advanced LED lighting automation
whose spectral combinations are programmed to drive crop physiological processes
either through sensing technology or manually on command. Light is the biggest
effector in plant growth and development, and when LED systems are fully inte-
grated into CEA control systems, both electrical and biological efficacies will be
accelerated. With respect to engineering, LED arrays can be static or used
dynamically, and almost every spectral ratio within the horticultural relevant range
can be delivered how and when you want it. LEDs participation in the acclimation
paradigm will influence crop plants; however, the level of individual phenotypic
plasticity (flexibility) is important to consider. The continuous spectral distribution
of the Sun cannot be achieved without LED down conversion using phosphors, but
the fluctuations and the PFD of the spectrum can be mimicked. Can this improve
crop productivity with respect to yield, robustness, or nutrient density?
Programming the light environment is one way to influence crops, but using the
plant to modify the environment is another strategy. For instance, basic research has
shown that the number and aperture of the stomata is highly regulated by blue and
green light at ambient (350-400 ppm) CO, concentrations. Would it be beneficial
to shut down crop transpiration when the relative humidity gets too elevated in
high-density CEA, such as PFs or when photosynthesis is down-regulated through
circadian rhythms or stress? Plant acclimation responses are well described as are
PSC and PRC, and once a particular crop and the desired crop attributes are
identified, an LED program can be specified and validated. Horticultural light
programs can be manufactured solely from an engineering point of view, and the
information provided in this chapter will help light manufacturers, growers, and
consumers wade through the lighting maze. The relationship of plants with light is
complex, and there is a lot yet to be discovered.
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Chapter 4
Optimizing LED Lighting in Controlled
Environment Agriculture

Marc W. van Iersel

4.1 Introduction

Controlled environment agriculture encompasses a range of production systems,
including high tunnels, greenhouses, and indoor production facilities (often referred
to as vertical farms or plant factories). The main goal of controlled environment
agriculture is to provide growers with some level of control over the environmental
conditions that crops are exposed to, thereby extending the growing season and
increasing production as well as crop quality. The focus of this chapter is specifi-
cally on greenhouses and indoor production, because other forms of controlled
environment agriculture (e.g., high tunnels) rarely employ supplemental lighting.

The lighting situation and requirements in greenhouses and indoor production
facilities are different. In greenhouses, sunlight is typically the primary source of
light. Supplemental electric light can be provided to increase crop yield and quality.
This can be especially beneficial at higher latitudes, where seasonal fluctuations in
daily light integral (DLI, photosynthetic photon flux density (PPFD) integrated over
24-h periods) are large and where DLI is low in winter time (Albright et al. 2000).
Indoor production systems receive, at most, a small fraction of the required light
from sunlight and are highly reliant on electric lighting.

The cost of electricity to provide electric light in both greenhouses and indoor
production facilities is high. Supplemental lighting in greenhouses is often the
second-highest operating expense, after labor. For example, a single 1000-W
high-pressure sodium (HPS) light consumes about 1075-W, including both the bulb
and ballast (Wallace and Both 2016). If 600 1000-W HPS lights are used per hectare
for 180 days per year and 16 h per day, and at an electricity cost of US $0.10 kWh,
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the annual electricity cost to operate the lights is ~$180,000 ha. The average farm
gate value for greenhouse vegetables in the USA is ~$700,000 ha year
(USDA-NASS 2014), so reducing operating expenses with more efficient lighting
strategies will have a major impact on the profitability of greenhouses.

Despite the high cost of electric light, light levels in greenhouses are often poorly
controlled. The amount of light greenhouse crops receive from the sun is highly
variable and can change within seconds, because of shading by the greenhouse
structure or changing weather conditions. Likewise, day-to-day changes in weather
conditions can result in large variability in DLI, while seasonal changes in the
position of the earth relative to the sun result in large differences in DLI over the
course of a year (Albright et al. 2000). These changes depend on latitude and are
greater further away from the equator.

Electric light is generally the only form of light available for crop growth in
indoor production facilities, so the cost of providing that light is even more
important than in greenhouses. Zeidler et al. (2013) published a comprehensive
assessment of the technical and financial aspects of building and operating large
skyscraper-like vertical farms. They estimated that the vertical farm they designed
can increase production per unit area 1,115x compared to field production.
However, the cost of the LED lighting system accounts for ~30% of the initial
capital cost of the vertical farm and electricity accounts for ~60% of the annual
operating costs (Zeidler et al. 2013). Much of this electricity is needed to provide
lighting for the crops and for air-conditioning needed to remove the heat generated
by the lights. General estimates are that 40-50% of total operating costs for vertical
farms are associated with lighting (Zeidler et al. 2013; Watanabe 2011). Because of
the high capital and operating costs, production of staple crops in vertical farms is
not likely to be financially feasible in the foreseeable future (Banerjee and Adenauer
2014). More efficient lighting techniques are essential to improve the sustainability
and profitability of vertical farms.

Developing optimal lighting strategies for controlled environment agriculture is
complicated because of the number of factors that should be included in such a
strategy. These factors include the capital cost of the lighting system, the efficiency
of the lights, the cost of electricity (which may vary both short-and long-term), the
ability of the crop to intercept and use the provided light to produce salable yield,
the effect of this light on crop quality, and the value of the crop. The goal of this
chapter is to outline how physiological information regarding plant responses to
light can be used to develop more efficient and cost-effective approaches for
lighting in controlled environment agriculture.

4.2 Benefits of LEDs as Grow Lights

LEDs are gradually gaining popularity for use in controlled environment agricul-
ture. They have long been promoted as being more energy-efficient than other
lights, but this has not been backed up by data. Nelson and Bugbee (2014) and
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Wallace and Both (2016) recently compared the energy efficiency of various LED
and HPS grow lights, expressed as mole of photosynthetic photons produced per
joule of electricity used. They reported that the best LED and HPS lights had
similar efficiency. Recent improvements in LED technology have increased the
efficiency of some of the newest LED lights, exceeding that of the most efficient
HPS lights (see Chap. 5). However, LED lights are still not universally more
efficient than HPS lights.

4.2.1 Lack of Radiant Heat

Another advantage of LED lights over HPS or metal halide lights is that they
produce little radiant heat, which allows them to be placed close to, or even within,
the canopy without damaging the crop. Increasing the proximity of lights to the
canopy ensures that the light can be efficiently delivered to leaves. For indoor
production system, it decreases space requirements, allowing for multi-layer pro-
duction systems with the different shelves relatively close together (Fig. 4.1). LED
fixtures can also be designed, by using the appropriate lenses and reflectors, to
ensure that most of the light emitted is indeed delivered to the canopy. Overall, this
allows for a more efficient use of energy, light, and space.
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Fig. 4.1 A multi-tiered, LED-lit production system for leafy greens at AeroFarms (Newark, NJ,
USA). Photograph by Marc van lersel
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4.2.2 Control of Light Spectrum

Generally, LEDs produce light within a fairly narrow spectral range, often
expressed as the full width at half maximum (FWHM), i.e., the wavelength range
within which the PPFD is at least half of the maximum PPFD (Fig. 4.2). LEDs are
available with peaks at many different wavelengths, providing much flexibility in
which spectra can be produced. White light can be produced either by combining
LEDs with different wavelengths (i.e., blue, green, and red or blue and yellow) or,
most common for LED grow lights, by coating blue LEDs with a phosphor (For
more details see Chap. 1). The phosphor will absorb some fraction of the photons
emitted by the blue LEDs and re-emit light with longer wavelengths through
luminescence, generating white light (Chen et al. 2010). The emitted spectrum can
be adjusted based on the type and amount of phosphor coating. Adding a phosphor
coating reduces the efficiency of the LED, and white LEDs are thus less efficient
than blue or red LEDs (Nelson and Bugbee 2014). Because chlorophyll has
absorption peaks in the blue and red regions of the spectrum, many LED grow
lights use only red and blue LEDs (red/blue LEDs). However, the idea that plants
cannot efficiently use light with wavelengths other than at chlorophyll absorption
peaks is incorrect: Higher plants have a variety of carotenoids that are part of the
light-harvesting complex surrounding photosystem I and II. Those carotenoids
efficiently absorb much of the light not absorbed by chlorophyll a and b. As a result,
plants can use most of the light with wavelengths of 400-700 nm quite efficiently
for photosynthesis (Ouzounis et al. 2015). It is currently not clear what the optimal
spectrum for maximum photosynthetic efficiency is (see Sect. 4.3.3 for more
in-depth discussion). Beyond driving photosynthesis, light spectrum can have
distinct effects on plant morphology and the production of secondary compounds.
Manipulating the light spectrum to improve plant quality is an important tool that
has become available to controlled environment agriculture with the advent of LED
lighting.
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4.2.3 Controllability of LEDs

An underutilized property of LED lights is the ability to quickly and precisely
control the intensity of their light output. This is commonly accomplished using one
of two methods: current control or pulse width modulation. Pulse width modulation
allows for control of the frequency at which LED lights are turned on and off
(typically thousands of times per second) as well as the duty cycle (fraction of time
the LEDs are energized during each short on/off cycle). Decreasing the duty cycle
of LED lights reduces the PPFD. Adjusting the light output from LED grow lights
is technically easy and cheap (van Iersel and Gianino 2017). Control ability allows
for the rapid adjustment of the PPFD provided by the LED lights based on the
ability of the crop to use that light efficiently. However, there has been little
research into optimizing methods for controlling the PPFD provided by LED lights.
As a matter of fact, there has been little research into optimal lighting strategies in
general, despite the high cost associated with supplemental lighting.

4.3 Optimizing Lighting Control

Heuvelink and Challa (1989) developed guidelines for supplemental lighting based
on a simple economic principle: the cost of providing more supplemental light
needs to be lower than or equal to the value of the additional yield that results from
adding that supplemental light. They predicted the increase in salable yield that
could be achieved with supplemental light using a mechanistic crop photosynthesis
model to predict carbohydrate production and the crop conversion efficiency (gram
of salable product per gram of carbohydrate). Taking into account the price of
electricity needed to operate the lights and the sales price of the harvested product,
they were able to calculate the break-even point for supplemental lighting
(Heuvelink and Challa 1989). It is not clear whether these guidelines were ever
implemented by the greenhouse industry.

Clausen et al. (2015) used a similar approach to develop a supplemental lighting
control system based on a leaf photosynthesis model. Their approach takes into
account weather forecasts and real-time electricity pricing, preferentially providing
supplemental light when electricity prices are low. The system can be programmed
to achieve a specific ‘daily photosynthesis integral,” calculated from the leaf pho-
tosynthesis model. Using the developed Dynal.ight desktop software to implement
this strategy resulted in 25% energy savings in the production of Campanula
without notable reductions in crop quality (Kjaer et al. 2011; Clausen et al. 2015).

Albright et al. (2000) used a different approach to control light in lettuce pro-
duction. Based on multiple greenhouse trials, they determined that lettuce biomass
accumulation was tightly correlated with the cumulative amount of PPFD the crop
received during the production cycle. They developed a system called ‘light and
shade system implementation’ (LASSI) that can control the DLI inside a
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greenhouse by applying shade and supplemental light as needed (Albright et al.
2000; Mathieu et al. 2004). LASSI makes hourly decisions regarding the need for
shade or supplemental light, and supplemental light is preferentially provided when
electricity prices are low. Controlling DLI inside the greenhouse results in steady
and predictable year-round lettuce production.

It is important to note that all of these lighting control approaches are based on
the use of HPS lights. Algorithms developed for HPS lights may not be optimal for
LED lights. The light output from HPS lights cannot be precisely controlled, and
the lights cannot be turned on and off rapidly. LED lights, on the other hand, can be
precisely controlled to make rapid adjustments and can thus be programmed to
instantaneously respond to environmental or crop physiological parameters (van
Iersel and Gianino 2017). This is a significant improvement over the slow and
coarse control of HPS lights. The cost-effectiveness of LED lighting can be
increased by taking full advantage of the controllability of LED lights. Specifically,
supplemental light should be provided only when crops can use the supplemental
light efficiently.

4.3.1 How Much Light Is Optimal?

To develop optimal lighting strategies, it is important to have a quantitative
understanding of how crops use light. Crop light use efficiency can be divided into
two components: light absorption and utilization of absorbed light. Light absorption
is largely a function of canopy size: Small plants will intercept a relatively small
fraction of the provided light. Such inefficiencies can be reduced by growing the
plants closer together, as is common in seedling production. For example, orna-
mental seedlings are commonly grown at densities of up to 4000 plants/m?.
Likewise, leafy greens in plant factories are normally grown at very high densities
(Fig. 4.3). Although the main goal of these high plant densities is to use the available
space as efficiently as possible, it also increases light interception. This can be
beneficial when supplemental lighting is used, since a greater plant density will
increase light interception and thus the economic benefits of supplemental lighting.

It may also be possible to increase canopy light interception by manipulating
light quality (i.e., the spectral composition of the light). Phytochrome is a
pigment-protein complex that plays an important role in controlling cell and leaf
elongation, and its activity depends on the phytochrome photo-equilibrium, which
can be manipulated by altering the ratio of red to far-red light (Sager et al. 1988).
A high proportion of far-red light generally triggers shade responses in plants. Many
plants respond by producing larger thinner leaves (an increase in the specific leaf
area), although this response is species-dependent. The molecular mechanisms of
phytochrome regulation of plant growth and development were recently reviewed
by Demotes-Mainard et al. (2016). For many crop species, using light with a high
proportion of far-red light can increase canopy size and thus light interception. This
can be especially valuable during the seedling stage, when light interception is
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Fig. 4.3 High-density production of microgreens under LED lighting at AeroFarms (Newark, NJ,
USA). The high plant density optimizes space use and ensures that the crop intercepts most of the
provided light. Photograph by Marc van Iersel

typically low. Kubota et al. (2012) found that providing far-red light at the end of
the photoperiod increases light interception and growth of baby leaf lettuce grown
solely under LED light. Interestingly, they did not see such an increase in growth in
greenhouse-grown lettuce, possibly because sunlight is already rich in far-red light,
especially at the start and end of the photoperiod.

LED lights have some advantages over HPS lights with regard to light inter-
ception. The use of appropriate reflectors and/or lenses allows for focusing the
provided light toward the crop canopy (Nelson and Bugbee 2014). In tall vine
crops, such as bell peppers, cucumbers, and tomatoes, it is possible to use LEDs for
intra-canopy lighting. Placing LED lights inside the canopy results in efficient light
interception, while providing light to the part of canopy that typically receives little
sunlight (Gémez and Mitchell 2016).

The other component of crop light use efficiency is the utilization of absorbed
light by the leaves. Leaves of most plants typically absorb about 84% of the light
that reaches the leaf (Bjorkman and Demmig 1987). The absorbed light can then be
used for electron transport in the light reactions of photosynthesis (photochemistry).
Photochemistry results in the production of reduced ferredoxin and, subsequently,
NADPH. At the same time, photochemistry produces a proton gradient across the
thylakoid membrane of the chloroplasts that is used to produce ATP. The NADPH
and ATP produced by photochemistry can subsequently be used in the Calvin cycle
to produce carbohydrates (Lawlor 2000; Ruban 2015). However, not all absorbed
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light is used for photochemistry; some of it is dissipated as heat, and a small
fraction, typically around 1-2%, is re-emitted as chlorophyll fluorescence (Maxwell
and Johnson 2000).

Photosystem Il is generally considered to be the slowest part of the linear electron
transport chain in chloroplasts of higher plants. When excitation energy from a
photon reaches the reaction center of photosystem II, that energy is used to move an
electron from the reaction center chlorophyll to pheophytin and subsequently to the
plastoquinone pool. The reaction center chlorophyll subsequently receives an
electron from a water molecule that is split into hydrogen ions and oxygen at the
oxygen evolving complex. As the electron moves from the reaction center chloro-
phyll to the plastoquinone pool, the reaction center of photosystem II is briefly
closed, i.e., it cannot accept additional excitation energy. Under high light condi-
tions, more excitation energy will reach the reaction centers of photosystem II,
resulting in more electron transport, but also in a higher proportion of closed reaction
centers. As more reaction centers close, plants have to up-regulate processes to
dissipate the excess light energy because excess absorbed energy can cause pho-
toinhibition (damage to the photosynthetic machinery). Dissipation of excess light
energy occurs through various processes that are collectively referred to as the
non-photochemical quenching of chlorophyll fluorescence. Non-photochemical
quenching is at least partly controlled by the pH of the chloroplast lumen. High rates
of electron transport result in the accumulation of H" in the lumen, and the resulting
low pH up-regulates processes that help dissipate excess light energy. Several
in-depth reviews of these processes have been published in the last few years
(Demmig-Adams et al. 2012; Horton 2012; Ruban 2015).

The quantum yield of photosystem II (®pgyy) is the fraction of light absorbed by
the photosystem II light-harvesting complex that is used for electron transport
through photosystem II. At higher light levels, more PSII reaction centers are closed
and Opgy; decreases. This has direct implications for controlling supplemental
lighting, which would ideally be provided when it can be used most efficiently for
electron transport, i.e., under low ambient light conditions when most reaction
centers are open and ®pgy is high. Thus, supplemental lighting efficiency is high
when ambient light levels are low (van lersel and Gianino 2017). The principle of
controlling supplemental lighting based on ambient light levels is consistent with
photosynthesis model-driven supplemental lighting control methods (Heuvelink
and Challa 1989; Clausen et al. 2015). These photosynthesis models show a non-
linear increase in photosynthesis with increasing PPFD. Supplemental lighting is
thus expected to have the greatest impact on photosynthesis under low ambient
light conditions.

There is no generic answer to the question of how much supplemental light to
provide. This depends on the expected economic yield increase that results from the
supplemental light, the value of the harvested product, and the cost associated with
providing the supplemental light. This makes it difficult, if not impossible, to
provide generally applicable guidelines for supplemental lighting. Lighting control
strategies need to be tailored to suit the needs of specific crops and production
systems.
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4.3.2 Chlorophyll Fluorescence as a Tool to Monitor Crop
Performance

Knowing how efficiently plants use absorbed light can help determine whether
supplemental light is likely to be used efficiently. Chlorophyll fluorescence mea-
surements can be used to monitor crop photosynthetic light use efficiency, specifi-
cally @pgy. Pulse-amplitude-modulated chlorophyll fluorometry has become a
common technique to monitor photochemical processes (Maxwell and Johnson
2000). By combining steady-state fluorescence with fluorescence measured under
saturating light conditions, ®pgpy can be calculated (Genty et al. 1989). Note that
Dpgyp (the ratio between electrons transported through PSII and absorbed photons)
and the quantum yield of photosynthesis (molecules of CO, fixed or O, produced per
photon) are distinctly different measures of how efficiently plants use light for
photosynthetic processes. In principle, both chlorophyll fluorescence and CO,
exchange measurements can be used to determine photosynthetic responses to
environmental conditions, including light. However, chlorophyll fluorescence has
distinct advantages over CO, exchange: It is cheaper, the equipment does not require
regular calibration, and it responds instantaneously to changes in light conditions.
If ®pgy; and the PPFD are known, the rate of electron transport through photo-
system II can be estimated, and this is generally indicative of the overall rate of
photosynthesis (Maxwell and Johnson 2000). Applying this principle to roses in a
greenhouse, Schapendonk et al. (2006) found a strong correlation between the electron
transport rate and leaf net photosynthesis. They concluded that chlorophyll fluores-
cence measurements can be used for real-time optimization control of greenhouse
lighting to optimize growth and yield. However, they appear to have not yet imple-
mented this approach. Janka et al. (2015) used measurements of ®pgy to monitor
chrysanthemum (Dendranthema grandiflora) for high light and temperature stress.
They monitored diurnal fluctuations in ®pgyy, as well as non-photochemical quench-
ing. Using dark-adapted measurements of photosystem II, they also were able to detect
damage to photosystem II induced by high light or temperature stress during the day.
Figures 4.4 and 4.5 outline how fluorescence data may be used to develop
optimal lighting strategies. The PPFD inside a greenhouse can be highly dynamic,
and ®pgy; rapidly responds to changes in PPFD. Simply looking at the dynamic
changes in @pgy; over the course of a day, it may seem as if these changes are too
rapid and unpredictable to be of much practical use. However, when plotting ®pgy
versus PPFD, it is clear that there is a strong relationship between the two. Quantum
yield gradually decreases, while electron transport rate increases asymptotically as
PPFD increases. These relationships vary from species to species (Fig. 4.5), thus
quantitative, crop-specific information regarding the photosynthetic response to
PPFD is needed to develop optimal lighting strategies. This task is complicated by
the fact that species-specific light responses may depend on environmental condi-
tions (Janka et al. 2015) and production practices (e.g., salinity, fertility). Little
research has been done so far on real-time measurements of ®pgy or electron
transport rate to optimize growing conditions for crops in controlled environments.
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Fig. 4.4 Changes in photosynthetic photon flux density (PPFD) and the quantum yield of
photosynthesis II of geranium (Pelargoniu x hortorum) over the course of a 15-h period in a
greenhouse
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Fig. 4.5 The relationship between the photosynthetic photon flux density (PPFD) and the
quantum yield of photosystem II (leff) and electron transport rate (right) for geranium
(Pelargonium x hortorum) and impatiens (Impatiens walleriana)

However, the technique is promising, because it provides quantitative information
about how efficiently plants use light. It is important to note an inherent tradeoff
between ®pgp and electron transport: To achieve high electron transport rates, high
PPFDs are needed, but that inherently will result in relatively low ®pgpy (Fig. 4.5).

One limitation of chlorophyll fluorescence, as well as CO, exchange measure-
ments, is that these are typically point measurements. Measuring a small part of one
leaf of an entire canopy may not be representative of the entire crop. In principle,
scanning the entire canopy would be preferable and this could provide information on
spatial variability of photosynthesis. Currently, imaging chlorophyll fluorescence
systems are expensive and limited to research applications, and most are restricted to
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individual leaves or small plants (Gorbe and Calatayud 2012; Takayama 2015).
Remote sensing techniques to determine chlorophyll fluorescence at larger scales
typically measure solar-induced chlorophyll fluorescence (Porcar-Castell et al.
2014). Passive solar-induced chlorophyll fluorescence measurements can monitor
spatial differences and temporal changes in photochemical activity of canopies (Pinto
et al. 2016), but do not allow for the quantification of ®pgy; or the calculation of the
electron transport rate. This is still a relatively new technique and there are serious
challenges in the interpretation of these signals (see review by Porcar-Castell et al.
2014). Whether this technique will be suitable for large-scale application in com-
mercial horticultural production remains to be seen.

4.3.3 Revisiting the Optimal Spectrum for Photosynthesis

LEDs provide unique opportunities to tailor the light spectrum to the needs of the
crop. There are multiple recent papers that review the effects of light spectrum on
plant growth, development, and secondary metabolism (Ouzounis et al. 2015;
Pocock 2015; Bugbee 2016). The goal here is not to add to those reviews, but rather
to highlight some underappreciated or neglected aspects of the spectral composition
of light on photosynthesis.

There has been a considerable amount of past work on the action spectrum of
photosynthesis, starting 80 years ago (Hoover 1937). McCree (1972) did a series of
comprehensive studies to quantify how efficiently leaves use light with different
wavelengths for photosynthesis. He used different species, grown under different
conditions, and his results are still considered the standard for the action spectrum
of photosynthesis. He determined the spectral response of photosynthesis based on
the energy of the photons reaching a leaf (action spectrum), as well as the number
of absorbed photons (quantum yield of photosynthesis). His results indicate that red
light (625-675 nm) is used most efficiently, with a lower peak in the blue part of the
spectrum (450 nm, Fig. 4.6). These peaks roughly correspond to the absorption
peaks of chlorophyll, the main photosynthetic pigment. However, numerous other
photosynthetic pigments are involved in light harvesting in the thylakoid mem-
branes (Ouzounis et al. 2015). These pigments can absorb much of the light that is
poorly absorbed by chlorophyll @ and b and transfer the excitation energy to
chlorophylls, allowing plants to use much of the light with wavelengths from 400 to
700 nm for photosynthesis. McCree (1972) did indeed find that plants can use
green and yellow lights quite efficiently (Fig. 4.6).

McCree’s action spectrum has been replicated by other researchers (Inada 1976;
Evans 1987; Hogewoning et al. 2012) with similar results. Despite our knowledge of
the action spectrum of photosynthesis, the recent literature still contains references
arguing that green and yellow lights are used inefficiently for photosynthesis
(e.g., Singh et al. 2015).

One important limitation of the studies looking at spectral effects on photosyn-
thetic efficiency is that different wavelengths of light were generally provided by
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Fig. 4.6 Action spectrum of photosynthesis, based on incident energy flux of the light reaching
the leaf surface, (fop) and relative quantum yield (bottom), based on number of absorbed photons.
Based on data from McCree (1972, Table 6) of eight species of field-grown plants

either using a monochromator or by using filters. In both cases, the resulting light will
not have a sharp peak at the wavelength of interest. Hogewoning et al. (2012), for
example, reported that the FWHM for the filters they used ranged from 10 to 40 nm.
McCree (1972) did not specify the exact spectral distribution of the different wave-
lengths of light he used. However, this information may be relevant to the interpre-
tation of his results, especially at wavelengths where the quantum yield of
photosynthesis changes rapidly. As initially described by Emerson and Lewis (1943),
McCree (1972) found a rapid drop in quantum yield of photosynthesis as the
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wavelength of the light was increased from 675 to 700 nm. Assuming a symmetrical
distribution of the provided light around the center peak, half of the light used for
measurements at 700 nm would have had wavelengths below 700 nm. It seems likely
that much of the observed photosynthetic activity of 700 nm light was the result of
those shorter wavelength photons, rather than photons with wavelengths over
700 nm. That interpretation seems to be consistent with the findings by both Inada
(1976) and Hogewoning et al. (2012), who found a substantially faster decline in
photosynthetic activity at wavelengths over 680 nm. This decrease in the quantum
yield of photosynthesis at wavelengths over 680 nm is due to an imbalance in exci-
tation of photosystem I and II, with photosystem II being under-excited at those
wavelengths (Hogewoning et al. 2012).

The fact that some wavelengths may result in uneven excitation of photosystem I
and II is another limitation of photosynthetic spectrum response curves. Since these
curves are developed by measuring photosynthesis under narrow wavelength light,
such curves do not consider possible synergistic effects of different wavelengths.
McCree (1972) already recognized this limitation to his data and points out that ‘it
is not possible to calculate the photosynthetic efficacies of white light sources from
any action spectrum or spectral quantum yield curve’. Thus, we still lack good
quantitative information regarding the photosynthetic efficiency of broad spectrum
light. Synergisms may explain unexpected differences in photosynthetic efficiency
of different lights. For example, Zhen and van lersel (2017) compared @pg;; and net
photosynthesis of lettuce (Lactuca sativa) under white and red/blue LED light and
found that both ®pgy; and net photosynthesis were consistently higher under white
light than under red/blue light, when measured at the same PPFD. In addition, ®pgy
decreased more rapidly under red/blue than under white light as PPFD was
increased. That resulted in increasingly large differences in net photosynthesis
under red/blue versus white light with increasing PPFD (Fig. 4.7).

The synergistic effect of different wavelengths of light was first described by
Emerson et al. (1957), who found that combining red and far-red light results in
higher rates of photosynthesis than what would be expected based on the sum of
photosynthetic rates under those two light sources by themselves (also see review by
Myers 1971). Work in Emerson’s laboratory subsequently led to the hypothesis that
the light reactions of photosynthesis depend on two different photosystems (Hill and
Bendall 1960), which was later confirmed. The exact action spectrum of photo-
system I and II is still unknown, but it is clear that far-red light (>680 nm) stimulates
PSI much more efficiently than photosystem II (Hogewoning et al. 2012; Laisk et al.
2014) and is needed for efficient photochemistry (Zhen and van Iersel 2017).

4.3.4 The Importance of Far-Red Light

The importance of far-red light for excitation of photosystem I raises questions
about the optimal spectrum for sole-source LED lighting. Most LED grow lights are
designed to provide most light within the wavelength range of 400-700 nm, the
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Fig. 4.7 The quantum yield of photosystem II (fop) and net photosynthesis (P,) of lettuce
(Lactuca sativa) under red/blue or warm white LED light provided at different PPFDs. Warm
white consistently results in a higher quantum yield and net photosynthesis than red/blue light
(data courtesy of Zhen and van Iersel)

part of the spectrum that is generally considered to be photosynthetically active.
Grow lights made with only red and blue LEDs contain almost no far-red light,
while white LEDs have a small fraction of far-red. How much far-red is present in
white LED light depends on the phosphor coating of the LEDs.

To determine the effect of far-red light on ®pg; and subsequently photosyn-
thesis, Zhen and van Iersel (2017) looked at interactions between light provided by
red/blue LEDs and far-red light (peak at 735 nm). They reported that adding far-red
light consistently increased net photosynthesis of lettuce exposed to red/blue light.
This increase in net photosynthesis was not simply the result of increased light
levels: The addition of far-red light also increased ®pgyy, indicating that the addition
of far-red resulted in a more efficient use of the provided light in the light reactions
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of photosynthesis. They attributed this effect to the increased excitation of photo-
system I by far-red light. This increases electron transport through photosystem I,
which in turn results in a more rapid re-oxidation of the plastoquinone pool in the
thylakoid membrane. This facilitates electron transfer from photosystem II to the
plastoquinone pool, re-opening the reaction center of photosystem II, and allowing
photosystem 1II to utilize excitation energy more efficiently (Zhen and van Iersel
2017). The small amount of far-red present in the spectrum of white LEDs may
explain the higher ®pgp; and net photosynthesis, as compared to red/blue light with
practically no far-red (Fig. 4.7).

The enhancement of photosynthetic efficiency by far-red light can be important
when LED lights are used as the sole source of photosynthetic lighting. Since many
commercially available LED grow lights are likely deficient in far-red light, sup-
plementing existing lights with far-red could increase photosynthetic light use
efficiency, enhance crop growth and improve energy efficiency in indoor growing
systems. However, this likely has little relevance to situations in which LED light is
provided in the presence of sunlight since sunlight contains a large amount of
far-red light (e.g., supplemental lighting in greenhouses).

4.3.5 Does Green Light Enhance Photosynthesis?

Because green light is absorbed less efficiently by most plants than other wave-
lengths of light, green light is often considered to be used inefficiently and has
received little attention in photosynthetic research. However, Kim et al. (2004)
reported that adding 24% green light to light from red/blue LEDs increased lettuce
biomass by 47%, even if the total PPFD was the same in both lighting treatments.
They attributed the growth-stimulatory effect of green light on its ability to pene-
trate deeper into leaves and canopy. Because red and blue lights are absorbed
efficiently by chlorophyll, most red and blue photons are absorbed within a few cell
layers from the leaf surface, while green photons can penetrate further (Broderson
and Vogelmann 2010). These differences in light penetration among photons of
different wavelengths can have important consequences for the ability of leaves to
utilize that light for photosynthesis. In an elegant study, Terashima et al. (2009)
showed that the stimulatory effect of supplemental red or green light on photo-
synthesis depends on the PPFD of white light. They quantified leaf photosynthesis
at PPFD levels from 0 to 1200 pmol m 2 s~ ' from white light and then determined
how efficiently small amounts of additional red or green light increased photo-
synthesis. At low light levels, red light had a greater stimulatory effect on photo-
synthesis than green light. This likely was the case because red light is absorbed
more efficiently and has a higher ®pgy; than green light. However, with high PPFDs
from white light, supplemental red light increased leaf photosynthesis less than
green light. With high PPFD, the cell layers close to the leaf surface already are
near light saturation, many of the reaction centers are closed, and additional light
will have little effect on electron transport and photosynthesis. Green light can
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penetrate deeper into the leaf and thus reach cells that are not yet light-saturated by
the white light. As a result of the deeper penetration, green light was used more
efficiently than red light, but only under high light conditions (Terashima et al.
2009).

These results, along with those of Emerson et al. (1957) and Zhen and van Iersel
(2017), indicate that photosynthesis is not simply driven by PPFD, but that there are
interactive effects between PPFD and light spectrum. Such effects are likely more
pronounced in whole canopies than in individual leaves, because there can be major
differences in spectral quality within a canopy. There is a lack of in-depth
knowledge concerning the interactive effects of different wavelengths on photo-
synthesis and how this may depend on PPFD. Improved understanding of such
interactions will help in the design of better grow lights and will allow researchers
to develop better guidelines for growers.

4.3.6 Adaptive Control of LED Lights

It is clear from photosynthesis models (Heuvelink and Challa 1989; Clausen et el.
2015) as well as data presented in this chapter (Figs. 4.5, 4.7, and 4.8) that light is
used most efficiently when the PPFD is relatively low. To take advantage of this,
supplemental light should be provided preferentially when ambient PPFD is low.
van lersel and Gianino (2017) developed a stand-alone, adaptive LED light con-
troller that automatically does so (Fig. 4.9). This controller is designed to prevent
the PPFD at the canopy level from dropping below a user-defined threshold.
The PPFD at the canopy is measured using a quantum sensor, and when it drops
below the threshold the duty cycle of the LEDs is automatically increased to
provide enough light to reach, but not exceed, that threshold. Thus, the LED lights
automatically provide more light when there is little sunlight and dim as the amount
of sunlight increases. This approach to lighting control assures that supplemental
light is provided when plants can use it most efficiently. Early trials with this
adaptive lighting system have shown that it can reduce energy consumption by 60%
with only a 10% decrease in crop biomass, as compared to using LEDs that are
controlled using a timer (van Iersel and Dove 2016). The simplicity of this adaptive
control approach makes it easy to implement in commercial settings, specifically in
greenhouses. Benefits of this approach could be increased by also considering
real-time electricity prices and providing supplemental light mainly when both
ambient PPFD and electrical costs are low.

Lighting thresholds for specific crops could be determined partly based on the
specific PPFD response curve for that crop (e.g., Fig. 4.5). For example, PPFD
thresholds might be higher for geranium than for impatiens, because geranium can
use higher PPFDs more efficiently than impatiens. The PPFD thresholds may also
need to depend on the value of a crop, since relatively low ®pg;; with higher
electron transport rates (and growth rates) may be economical for high value, but
not for low value crops.
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Fig. 4.8 The quantum yield of photosystem II and net photosynthesis of lettuce (Lactuca sativa)
under red/blue LED light provided at different PPFDs, with or without additional far-red light. The
addition of far-red light consistently results in a higher quantum yield and net photosynthesis (data
courtesy of Zhen and van Iersel)

4.3.7 Biofeedback Control of LED Lights

Controlling light based on specific PPFD thresholds is relatively easy, but does not
account for potential physiological changes in the crop. Rather than controlling light
levels per se, it is also possible to adjust light intensity based on the physiological
properties of a crop. Schapendonk et al. (2006) suggested that electron transport rate
measurements can be used for lighting control. If real-time electron transport rates
are determined using chlorophyll fluorescence, the PPFD provided by LED lights
can be adjusted to maintain a specific electron transport rate (Fig. 4.10). The tech-
nical feasibility of this approach has been proven by van Iersel et al. (2016a, b) who
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Fig. 4.9 Performance of an adaptive LED light controller. The controller was programmed to
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Fig. 4.10 Diagram of a chlorophyll fluorescence-based biofeedback system to control LED
lighting. A chlorophyll fluorometer and quantum sensor are used to determine the quantum yield
of photosystem II and PPFD. A controller uses these data to determine the electron transport rate,
compares that value to a user-defined target, and then changes the light output of the LED light,
either by changing the duty cycle or current

showed that a biofeedback system can be used to maintain a range of different
electron transport rates in a variety of species. Their results also showed one
important issue that needs to be considered in such a biofeedback system: To
determine ®pgyy, a short, saturating pulse of light is needed. Applying such a pulse
too frequently can cause damage to photosystem II, lowering ®pgy;. If this happens,
the leaf spot that is being measured will not be representative of the rest of the leaf,
let alone the entire canopy. To minimize the risk of inducing damage to photosystem
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I, it is recommended that saturating light pulses be applied at least 15 min apart
(van Iersel et al. 2016a).

When a stable electron transport rate was maintained over the course of a 12-h
photoperiod, the PPFD needed to be up-regulated gradually because ®pgy; declined
slowly throughout the photoperiod (van Iersel et al. 2016a). Such a decrease in
®psp may be the result of an up-regulation of non-photochemical quenching
(Demmig-Adams et al. 2012; Ruban 2015). However, it cannot be ruled out that it
may have been partly due to damage to photosystem II caused by the saturating
pulses (van Iersel et al. 2016a).

Carstensen et al. (2016) proposed a different approach for biofeedback control of
lighting in controlled environments. They used a spectrophotometer to remotely
sense the variable chlorophyll fluorescence emission from a plant canopy, measured
at 700-780 nm. Fluorescence was induced using a blue LED, whose light output
was altered in a stepwise, or sinusoidal, pattern. The resulting dynamic changes in
chlorophyll fluorescence were analyzed using linear black-box models. The com-
plexity of the resulting model appears to be indicative of the crop’s light use
efficiency and/or previous light-induced stress (Carstensen et al. 2016). In principle,
it may be possible to use this information for feedback control of LED lights, but
this has not yet been implemented. Important advantages of such a remote sensing
approach over single spot measurements of chlorophyll fluorescence are (1) an
entire region of the canopy can be sensed, (2) it does not require a saturating pulse
of light and thus reduces the risk of photoinhibition, and (3) the sensor can be
mounted remotely. Although the spectrophotometer used by Carstensen et al.
(2016) is not capable of imaging, it would appear that the same general principles
could be used to determine spatial variability by using an imaging sensor and
appropriate filters to remotely monitor chlorophyll fluorescence.

4.4 Conclusions

LED lights have great potential to provide supplemental light more efficiently than
traditional lights, such as HPS lamps. LED lights provide the opportunity to control
both light spectrum and PPFD. To take full advantage of the opportunities provided
by LEDs, we need to gain a better understanding of spectral effects on photosyn-
thesis, as well as the physiological processes that determine light capture and
photosynthetic efficiency. Interactive effects of different wavelengths of light on
photosynthesis are still poorly understood and deserve more study. The controlled
environment agriculture industry would benefit from smarter supplemental lighting
control strategies that account for crop light use. Other factors that may need to be
included in optimal lighting control strategies include real-time electricity prices
and the value of the crop.
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Chapter 5
Economics of LED Lighting

Bruce Bugbee

5.1 Introduction

This review analyzes the state-of-the-art economics of LED lighting for plant
growth. This compares the widely used, and most electrically efficient, traditional
technology (1000 W high pressure sodium, HPS) with the most electrically efficient
LED technology. Initial capital cost of the fixture and operating costs are included.
Because LED technology is considerably more expensive per photosynthetic
photon, increased fixture efficiency and decreased electric costs would need to
justify this initial capital investment. However, in addition to initial cost and
ongoing electric costs, there is another important difference between LED and HPS
technologies. Perhaps the greatest asset of LED fixtures in their highly focused
output, which can lead to significantly more efficient radiation transfer to plant
leaves and thus fewer fixtures and reduced cost of electricity (Nelson and Bugbee
2014).

Readers of this book should be well aware of the fundamental difference in
lighting for humans and lighting for plants, but some aspects of the differences are
still not well understood. This chapter also reviews units and terminology for
quantifying the efficacy of lighting for plant growth.

The effect of LED technology is often assumed to result in significantly cooler
leaf temperatures than high pressure sodium technology, but most of this obser-
vation is caused by differences in the intensity of photosynthetic radiation. An
energy balance model is reviewed that analyzes leaf temperature in greenhouses and
sole-source indoor lighting. This model demonstrates that the thermal differences
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among lighting technologies are smaller than is often assumed (Nelson and Bugbee
2015). Finally, recent studies on spectral effects on photosynthesis are reviewed.
These indicate that many spectral effects are primarily caused by increased leaf
expansion and radiation capture, rather than by increased photosynthesis (Snowden
et al. 2016).

5.2 Economics of LED Lighting: Initial Analysis in 2014

In a comprehensive study, Nelson and Bugbee (2014) reported photosynthetic
(400-700 nm) photon efficiency and distribution pattern of multiple lighting
technologies, including ten types of LED fixtures. They found that the most efficient
LEDs and the most efficient double-ended HPS fixtures had nearly identical effi-
ciencies at 1.66—1.70 pmol per joule. These fixtures were a 70% improvement over
the efficiency of commonly used mogul-base HPS fixtures. The most efficient
ceramic metal halide and fluorescent fixtures came in at 1.46 and 0.95 pmol per
joule, respectively.

Nelson and Bugbee (2014) calculated the initial capital cost of each type of
fixture per photon delivered and determined that LED fixtures cost five to ten times
more than HPS fixtures. The five-year electric cost plus fixture cost per mole of
photons was thus 2.3 times higher for LED fixtures, because of the high capital
cost. Their analysis indicated that the long-term maintenance costs are small for
both technologies. They pointed out that the unique ability of LED fixtures to focus
on photons on specific areas can be used to improve the photon capture by plant
canopies.

5.3 The Best Measure of Electrical Efficiency for Plant
Growth Is pmoles per Joule

The electrical efficiency of lamps is still sometimes expressed using units for human
light perception (efficacy; lumens or foot-candles out per watt in) or energy effi-
ciency (radiant watts out per electrical watt in), but photosynthesis and plant growth
are determined by moles of photons. Lighting efficiency is thus best based on
photon efficiency, with units of pmoles of photosynthetic photons per joule of
energy input. This is critical with LEDs where the most electrically efficient colors
are deep red and blue wavelengths. A comparison of red, blue, and cool white
LEDs provides a comparison of this difference (Table 5.1). The lower energy
content of red photons allows more photons to be delivered per unit of input energy
(energy per photon is inversely proportional to wavelength, Planck’s equation).
Conversely, blue LEDs have a high energy efficiency but only a relatively low
photon efficiency (1.87 vs. 1.72).
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Table 5.1 Comparison of three types of LEDs and three units of measurement for efficiency

LED Peak wavelength or Photon Electrical Luminous

color color temperature efficiency® efficiency® (%) | efficiency®
(umol/T) (Im/W)

Cool 5650 K 1.52 33 111

white

Red 655 nm 1.72 32 47

Blue 455 nm 1.87 49 17

The appropriate measurement for plant growth is pmol per joule. The electrical efficiency has units
of watts per watt (Reproduced with permission from Nelson and Bugbee 2014)

“Photon efficiency is the most appropriate measure for photosynthesis

"The relationship between electrical efficiency and photon efficiency is dependent on wavelength
(Plank’s equation E = hc/)L)

“Luminous efficiency is shown to demonstrate how inappropriate it is as an indicator of lighting
efficiency for plants. doi:10.1371/journal.pone.0099010.t001

20F 2
= Red 655 nm Blue 455 nm
-
o .

15F . 2
3 N
- ‘“’\ Cool White 5650K
> ~ Neutral White 4100K
5] N
© 10} Drnge-fnd es7.nm Warm White 3500K 1
E
)
o Far Red 740 nm
2 ----- \
5 e W

— iolet nm

o 05F e i

Green 530 nm

= \UltraViolet 365 nm

0.0 - : . : :
200 400 600 800 1000 1200

Supply amperage (mA)

1400

Fig. 5.1 Effect of canopy photon capture efficiency on average annual cost over 5 years. The
lowest cost of lighting is realized with 1000-W, double-ended HPS technology when all of the
radiation from a beam angle of 120° can be utilized by the plant canopy (reprinted with permission
from Nelson and Bugbee 2014)

5.4 The Value of Focused Photons from LED Fixtures

A frequently overlooked advantage of LED fixtures is their ability to focus on
photons. Nelson and Bugbee (2014) pointed out that the unique ability of LED
fixtures to focus on photons can be used to improve the photon capture by plant
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canopies. Figure 5.1 shows a typical economic crossover point for LED and HPS
technologies based on bean angle of the fixture output. The lowest lighting system
cost is achieved when an efficient fixture is used in a system with effective photon
capture by the plants.

5.5 Unique Characteristics of LED Fixtures

The most electrically efficient colors of LEDs are blue, red, and cool white,
respectively (Fig. 5.2), and LED fixtures thus generally come in combinations of
these colors. Other monochromatic colors of LEDs are sometimes used to increase
specific wavelengths in the quest to control aspects of plant growth and develop-
ment (see Massa et al. 2008 for a review of unique LED applications). Ultraviolet
(UV) radiation is nearly always absent in LED fixtures because UV LEDs signif-
icantly reduce fixture efficiency. There is 9% UV radiation in sunlight (percent of
photosynthetic photon flux; PPF), and standard electric lights have 0.3-8% UV
(percent of PPF; Nelson and Bugbee 2013). A lack of UV radiation can cause
disorders in some plant species, the most common of these is intumescence
(Morrow and Tibbitts 1988). This is a concern when LED fixtures are used without
sunlight. LED fixtures also often have minimal far-red radiation (710-740 nm),
which decreases the time to flowering in several photoperiodic species (Craig and
Runkle 2013). Green light (530-580 nm) is low in many LED fixtures. Green light

i8] w =y
T T T

per umol photons ($/(smoll,)*yr)

Average annual cost over five years

20 40 80 80 100 120
Beam angle(®)

Fig. 5.2 Effect of drive amperage and color on photon efficiency of LEDs. Data for Philips
Lumileds LEDs, courtesy of Mike Bourget, Orbitec (reproduced with permission from Nelson and
Bugbee 2014)
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penetrates through leaves and is thus effectively transmitted to lower plant leaves
(Kim et al. 2004). The lack of UV, green, and far-red wavelengths, however, is
generally small when LEDs are used in greenhouses, because most of the radiation
comes from the broad spectrum sunlight.

5.6 Advances in LED Efficacy Since 2014

Although there have been no significant fundamental advances in LED technology,
manufacturers have continued to make fixtures more reliable and have further
optimized the drivers and optics to increase the efficacy. In the spring of 2016, we
tested a new, 600 W, white LED fixture from Fluence Bioengineering (model
VYPRx PLUS). The efficacy was 2.05 pmol per joule with flat plane integration.
The same fixture was tested at Rutgers University using an integrating sphere, and
measured 2.02 and 2.05 pmol per joule. These values were about 20% higher than
the technologies previously evaluated in our laboratory. The photon distribution
from this fixture is wider than most LED fixtures, so it is difficult to take advantage
of focused photons, but the distribution is still more focused than HPS fixtures.
There have been several claims of high efficacy LED fixtures for plant lighting
applications, but this was the first fixture we tested with an efficacy higher than
2 umol per joule. The best previous efficacy was 1.7 pmol per joule.

In August 2016, testing of three new LED fixtures from Philips Lighting was
performed at Utah State University. These fixtures had the highest efficacy that we
have measured to date. All the models are of Philips GPL Top lighting. The results
are as follows:

1. Deep-red/white far-red 175-W: 1.94 £ 0.07 pmol per joule;
2. Deep-red/white medium blue 200-W: 2.44 £+ 0.05 pmol per joule;
3. Deep-red/blue medium blue 215-W: 2.46 £ 0.05 pmol per joule.

The values were 1.94, 2.44, and 2.46, respectively, for 3 fixtures. Two of the
three fixtures (2.44 and 2.46) had the highest efficacy of any of the fixtures we have
tested. The variation in efficacy mentioned above (£0.05) is the standard deviation
among three replicate fixtures. One of the fixtures was also tested in an integrating
sphere at Rutgers University, and the efficacy was within 2% of the values for the
same fixture at Utah State University. The best efficacy of an LED fixture with
white light output has been 2.05 umol per joule (Fluence Bioengineering, see
previous paragraph). All of these values are a significant increase over 1.7 umol per
joule from the technologies available in 2014.

The higher efficacy of these fixtures does not automatically mean that they are
the most cost-effective plant lighting option. The Philips fixtures sell for $400 to
$800 and are only 175-215 W. This is still about 5-10 times the initial capital cost
of HPS technology ($400 for a 1000-W fixture). Assuming $0.10 per kWh and
equal capture of photons for all types of fixtures, the time to recover the initial
capital investment is 5-10 years if the fixtures are used 16 h every day (indoor
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cultivation), and 15-30 years if the fixtures are used with an average of 5 h a day
for 365 days (supplemental lighting in a greenhouse). The variation in payback
depends on the initial capital cost of the fixture.

Selection of the most cost-effective lighting technology depends on multiple
factors, including (1) cost of electricity, (2) cost of fixture, (3) cost of cooling,
(4) hours of operation per year, and especially, (5) the fraction of PPF captured by
the plant canopy. Quantity discounts are available for most fixtures. Nelson and
Bugbee (2013) developed an online calculator to facilitate a comprehensive analysis
of options: http://cpl.usu.edu/htm/publications/file=15575.

The 600-W fixture from Fluence Bioengineering has a lower initial capital cost
per photon of output. Although it has a lower efficacy, the payback time is similar to
the Philips fixtures. Both the Philips and the Fluence Bioengineering fixtures have
less focused output than the previous LED fixtures. This broader photon distribu-
tion makes it more difficult to take advantage of the narrow output of typical LED
fixtures. If a user can take advantage of the more focused photon distribution from
LED fixtures, the photon capture is increased and the payback time is reduced. LED
efficiency is being evaluated by the present group with the advances in technology
as they become available.

5.7 Definition of Efficacy and Efficiency

The term efficiency is typically used with ratios that have the same units in the
numerator and denominator, like watts per watt. Efficacy is used when the units in
the numerator and denominator are not the same, as in umoles per joule.

When the units in the numerator and denominator are the same, a percent effi-
ciency can be calculated, and, theoretically, the ratio is 100%. However, 100%
efficiency does not make sense when the units are different. Although the efficiency
of a fixture can be calculated in watts of output per watt of input, plant growth is
determined by moles of photons, not by watts of energy. The most appropriate
measurement is efficacy, with units of pmoles per joule. The term efficiency has
often been used to refer to the ratio of pmoles per joule. This is a useful descriptive
term, but it is not technically correct.

5.8 Thermal Effect of Electric Lighting Technologies

The use of LEDs is often assumed to result in much cooler leaf temperatures than
high pressure sodium technology. The thermal properties of lighting fixtures affect
plant growth, transpiration rate, and alter heating and cooling costs. Nelson and
Bugbee (2015) evaluated the magnitude of this effect by measuring radiation
absorbed by a leaf under four radiation sources: (1) clear sky sunlight in the field,
(2) sunlight in a glass greenhouse, and indoor plants under either (3) high pressure
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sodium or (4) light emitting diodes. They, then, used a mechanistic energy balance
model to analyze and compare leaf-to-air temperature differences. Leaf temperature
was compared at equal photosynthetic photon flux. They found that the effect of
plant water status and leaf evaporative cooling was much larger than the effect of
radiation source. If plants are not water stressed, leaves under all four radiation
sources were typically within 2 °C of air temperature. Under clear sky conditions,
the cool sky temperature means that leaves are always cooler than inside a
greenhouse or indoor plants—when photosynthetic photon flux, stomatal conduc-
tance, wind speed, vapor pressure deficit, and leaf size are equivalent. Leaf tem-
peratures can increase well above air temperature as water stress increases and
cooling via transpiration decreases. In a near-worst scenario of water stress and low
wind, leaves can increase 6—12 °C above air temperature under any of the lighting
conditions. Because LED fixtures emit much of their heat through convection rather
than radiation, they result in slightly cooler leaf temperatures than leaves under HPS
fixtures, but the effect of LED technology on leaf temperature is much smaller than
is often assumed.

LED fixtures emit almost no near-infrared radiation (NIR; 700-3000 nm), but
this radiation is poorly absorbed by leaves (Fig. 5.3). Photosynthetic (400—700 nm)
and long-wave (3,000-100,000 nm) radiation absorbed are about 95%, but
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Fig. 5.3 Radiance spectrum from four radiation sources (black line) and average leaf absorbance
(red line; reprinted with permission from Nelson and Bugbee 2015)
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non-photosynthetic solar NIR (700-3000 nm) is only about 20% absorbed, and
thus has a smaller effect on leaf heating. Unabsorbed radiation is either transmitted
or reflected.

When LED fixtures have the same electrical efficiency as HPS fixtures, they
generate the same amount of heat per photosynthetic photon. LED fixtures, how-
ever, dissipate much of their heat away from the plants, while HPS fixtures dissipate
more heat toward the plants.

Nelson and Bugbee (2015) found that the leaf-to-air temperature difference was
always less than 2 °C except where parameters approached their extremes
(Fig. 5.4). The relative order did not change, regardless of environmental condi-
tions, with HPS > greenhouse sun > LED > clear sky sunlight.

0 5 | 2 3 4 5 0.0 0.1 0.2 0.3 0.4 0.5
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HP Greenhou
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Fig. 5.4 Calculated effects of environmental conditions on the difference between leaf
temperature and air temperature under four radiation scenarios (reprinted with permission from
Nelson and Bugbee 2015)
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5.8.1 Effects of Elevated CO, on Leaf Temperature

Controlled environments often add supplemental CO,, which decreases stomatal
conductance 10—40% and increases leaf temperature. The analysis of Nelson and
Bugbee (2015) indicates that a decrease in stomatal conductance of 30% in response
to elevated CO, increased leaf temperature by 1 °C regardless of radiation source.

5.8.2 Effect of Light Technology on Shoot Tip Temperature

Shoot tip temperature is used to predict time to flower and plant development rates.
Nelson and Bugbee (2015) found that lighting technology affects shoot tip tem-
perature, which can alter time to flower and plant development.

5.8.3 Effect of Light Technology on Fruit and Flower
Temperature

The analysis of Nelson and Bugbee (2015) indicated that the near-worst case
analysis would be representative of flowers, fruits, and thick plant parts that have
low transpiration rates, including high-value crops like tomatoes, strawberries, and
Cannabis flowers. These thicker structures absorb more radiation than a thin leaf
and have fewer stomates for evaporative cooling. Based on the analysis of Nelson
and Bugbee (2015), LED technology has the potential to reduce heating of these
thick, low transpiring plant parts. However, in conditions where leaves and shoot
tips benefit from heating, (e.g., a greenhouse in a cool climate), HPS technology
would more effectively warm the plants.

5.9 Spectral Effects on Single Leaf Photosynthesis

Although we have defined photosynthetic photon flux with equal weighting of all
photons between 400 and 700 nm, further studies indicate that this is not strictly
true. Hoover (1937) used colored filters to achieve narrow spectra and determined
spectral effects on photosynthesis in 29 species (Fig. 5.1). He did not have the
apparatus to determine radiation absorption, so his results were measured per
incident photon. He found relatively sharp peaks in the blue and red regions and
reported that differences among species were small.

Thirty-five years later, McCree (1972a, b) and Inada (1976) revisited spectral
effects on photosynthesis and quantum yield. All response curves were developed
from single leaves, at a low PPF, over a short-time interval (minutes). All studies
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include the average of more than 20 species. The studies in the 1970s confirmed the
findings of Hoover (1937) and indicate only small differences among species. The
differences among studies are significantly greater than differences among species
within a study.
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Fig. 5.5 Spectral effects on photosynthesis from three studies: Hoover (1937), McCree (1972a, b)
and Inada (1976). All curves are redrawn from the original data. Black circles indicate wavelengths
where measurements were made. The Hoover curve is per incident photon. The McCree and Inada
curves are per absorbed photon, so they reflect the quantum yield of photosynthesis. The green
light dip in the Hoover curve would be about 15% higher if it was per incident photon (i.e.,
increased from 0.6 to 0.7) (reprinted with permission from Bugbee 2016)
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Both McCree and Inada found that, per absorbed photon, blue/cyan photons are
used less efficiently than orange/red photons, but the quantum yield increases
rapidly as the color of light changes from cyan to green [between 520 and 550 nm
(Fig. 5.5)1.

Measurement procedures were similar among studies but the study by McCree
McCree (1972a, b) has the most comprehensive discussion of principles.
Differences among studies, however, indicate that the McCree curve should not be
considered as a definitive reference for spectral quality and photosynthesis. More
importantly, several studies over longer time intervals now indicate that it is often
inappropriate to use any of these curves to predict photosynthesis in whole plants
under mixed colors of light at higher PPFs.

5.10 Determining Whole Plant Net Photosynthesis
from Crop Growth Rate and Leaf Area Index

Plant growth analysis is often used to separate crop growth rate (CGR; g dry mass
per m” ground area per day) into its two component parts: net assimilation rate
(NAR; grams of dry mass per m? of leaf per day) and leaf area index (LAL leaf area
index; m? of leaf per m* of ground; Hunt 1982). The equation is as follows:

CGR = NAR x LAL

Crop growth rate (biomass gain) and leaf area index are not difficult to measure.
The ratio of CGR to LAI yields the integrated net assimilation rate over the mea-
surement interval (NAR = CGR/LAI). NAR is the average photosynthetic effi-
ciency of the whole crop over time (Fitter and Hay 2012).

The NAR is related to single leaf photosynthetic rate (P,e), but there are
important differences. Net photosynthesis in single leaves is typically determined
by clamping a portion of a leaf in a chamber and measuring the uptake of CO, over
a short-time interval (minutes). The unit of measurement is pmol of CO, per m? leaf
per second. This measurement is representative of the photosynthetic rate in part of
a leaf at the PPF incident on the leaf at the time of measurement. NAR integrates
daily carbon gain and nighttime respiratory loss to provide a value for daily net
whole plant photosynthesis.

The development of portable photosynthesis systems in the 1980s resulted in
widespread use of “clamp-on” photosynthesis measurements. These systems pro-
vide a rapid indication of photosynthetic rate, and there has been great hope that
these measurements would elucidate genetic and environmental effects on yield.
Unfortunately, numerous studies over several decades have indicated that single
leaf photosynthetic rate is poorly correlated with yield (see reviews by Evans 1993,
1998; Long et al. 2006). While it is implicit that photosynthetic efficiency is
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essential to growth, this is the photosynthetic efficiency of the whole crop averaged
over time. The problem is that short-term measurements of P, on single leaves
poorly predict daily photosynthesis in whole plants.

5.11 The Importance of Radiation Capture Efficiency

Although NAR is a more accurate predictor of environmental effects on whole plant
photosynthesis than short-term measurements of P, it is radiation capture effi-
ciency (fraction of radiation intercepted) that is most closely related with biomass
gain (Bugbee and Salisbury 1988; Bugbee 1995; Keating and Carberry 1993;
Monje and Bugbee 1998). Increases in leaf area and radiation capture are often
associated with thinner leaves in which NAR is reduced (Beadle and Long 1985). In
a classic study, Evans and Dunstone (1970) found that modern, high-yielding wheat
cultivars had lower leaf photosynthetic rates than their wild ancestors.

Since LAI determines radiation capture and is highly correlated with canopy
photosynthesis and dry mass gain (Klassen et al. 2003), several studies have sought
to separate radiation capture efficiency from canopy photosynthetic efficiency
(Bugbee and Monje 1992; Monje and Bugbee 1998). Improvements in radiation
capture efficiency have been responsible for nearly all of the increases in yield.
Increases in biomass productivity are closely related to increased leaf area, and this
usually results in decreased photosynthetic rate because of increased self-shading
(Evans 1993).

5.12 Spectral Effects on Single Leaf Photosynthetic
Efficiency

In the quest to understand spectral effects on plant growth, several studies have
focused on single leaf photosynthetic efficiency over short-time intervals.
Numerous studies have examined the effects of increasing blue light on photo-
synthetic efficiency. Goins et al. (1997) and Yorio et al. (2001) demonstrated that
some blue light was necessary for efficient photosynthesis. Hogewoning et al.
(2010) found that increasing blue light from zero to 7% doubled the photosynthetic
capacity. Terfa et al. (2013) showed that increasing blue light from 5 to 20%
increased leaf thickness, which increased photosynthetic capacity. Wang et al.
(2014) found that stomatal conductance and net photosynthetic rate increased with
increasing blue light in cucumber. Hernandez and Kubota (2015) measured a 20%
increase in P, in cucumber as blue light fraction increased from 10 to 80%. In
contrast, Ouzounis et al. (2015) found that there was no effect of blue light fraction
on photosynthesis in roses, chrysanthemums and campanulas and lettuce. The
results of these studies are in contrast to the spectral efficiency curves of Hoover
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(1937), McCree (1972a, b), and Inada (1976), which indicate that the blue light is
used less efficiently in photosynthesis. It is apparent that other interacting factors
alter the effect of light quality on photosynthetic efficiency in long-term studies.

5.13 Effect of Fraction of Blue Light on Growth

Several studies indicate that whole plant growth (dry mass) decreases as the fraction
of blue photons increases above about 5%. This has often been interpreted as an
effect of increased blue light on reduced photosynthesis. This interpretation is nearly
always incorrect. Photosynthetic efficiency is measured as quantum yield: moles of
carbon fixed per mole of photons absorbed. Increasing blue light fraction inhibits cell
division and cell expansion, and thus reduces leaf area (Dougher and Bugbee 2004).
Reduced leaf area reduces photon capture. This blue-light-induced reduction in
photon capture is often the primary reason for reduced growth. There is often a
minimal direct spectral effect on photosynthetic efficiency. This distinction is critical
when extrapolating from single leaves to whole plants and to plant communities.

5.14 Effect of Blue Light Fraction on Development

Plant development is, here, defined as plant size and shape. A tall plant without
branches might have the same growth (dry mass) as a short highly branched plant,
but they have developed differently. Although wheat, and possibly all grasses,
appears to have minimal sensitivity to spectral quality (Dougher and Bugbee 2001);
tomatoes are exquisitely sensitive; cucumbers, radishes and peppers have inter-
mediate sensitivity; soybeans and lettuce have low sensitivity (Snowden et al.
2016). Blue light can alter secondary metabolism, and these compounds provide
protection from biotic and abiotic challenges. Blue light can interact with radiation
intensity (PPF), and responses can change with developmental stage (Cope and
Bugbee 2013; Cope et al. 2014; Chen et al. 2014). The diversity of responses
among species indicates that caution should be used in extrapolating from studies
with Arabidopsis to crop plants. Similarities among groups of species, however,
suggest that plants can be separated into categories by common responses.

5.15 Effect of Green Light Fraction on Photosynthesis
and Growth

Green light can alter plant development (Folta and Maruhnich 2007; Zhang et al.
2011), although its effects may decrease as PPF increases (Wang and Folta 2013).
Sun et al. (1998) found that red and blue light drive CO, fixation primarily in the
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upper leaf layers, while green light penetrates deeper and drives CO, fixation in the
lower leaf cells. Broadersen and Vogelmann (2010) measured chlorophyll
fluorescence in leaf cross sections and showed that green light penetrated much
deeper than red or blue light. Accordingly, once the upper part of individual leaves
and the upper canopy as a whole are saturated, a higher fraction of green light
should be especially beneficial (Nishio 2000). This effect was demonstrated by
Terashima et al. (2009) who reported that in a high light background, green light
drives leaf P, more efficiently than red or blue light. Thus, whole plant P, could
be increased by green light penetration to lower leaf cells and lower leaf layers.

Some studies have suggested that a high green light fraction can improve plant
growth. Kim et al. (2004) reported that supplementing red and blue LEDs with
green light (from green fluorescent lamps) increased lettuce growth by up to 48% at
the same total PPF. The findings indicated that too much (51%) or too little (0%)
green light caused a decrease in growth, while about 24% was optimal.

Johkan et al. (2012) grew lettuce at three PPFs using LEDs with cool white
fluorescent controls. As PPF decreased and the fraction of green light increased, the
lettuce plants exhibited an increased shade-avoidance response. Plants grown under
cool white fluorescent lamps developed more normally and grew faster than plants
grown under the LEDs. These results are in agreement with the findings of Kim
et al. (2004).

In contrast to these studies, Hernandez and Kubota (2015) found that the
addition of 24% green light had no effect on growth (dry mass) of cucumbers. In a
comprehensive study with seven species, Snowden et al. (2016) studied the effect of
blue and green light fractions at PPFs of 200 and 500 pmol m * s~'. For some
species, there were significant interactions between radiation quality and radiation
intensity (PPF). Increasing blue light from 11 to 28%, at a PPF of 500, reduced dry
mass in tomatoes, cucumbers, radishes, and peppers, but there was no significant
effect on soybeans, lettuce, and wheat. At a PPF of 200, the reduction in dry mass
from increasing blue light was only significant in tomatoes (Fig. 5.6).

This study used classical techniques to determine integrated net assimilation rate
(photosynthetic efficiency) over the 21-day growth cycle. NAR was determined by
the ratio of dry mass gain divided by leaf area. There was no evidence of decreasing
in photosynthetic efficiency, in any of the seven species, with increasing blue light,
but photosynthetic efficiency increased with increasing blue light in cucumbers.
These results suggest that the effect of blue light on reducing leaf area and radiation
interception was the underlying cause of the reduction in growth.

Snowden et al. (2016) also found that increasing blue light had a greater effect at
PPF 500 than at 200 for cucumbers, radishes, and peppers, but there were no
significant interactions between PPF and blue light fraction for the other four
species. Green light fractions in the Snowden study varied from zero to 30%. In
contrast to the significant responses to blue light, increasing green light fraction
resulted in few significant differences, and there was no consistent direction of the
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Fig. 5.6 Effect of blue light on dry mass, leaf area index, and photosynthetic efficiency in
tomatoes and cucumbers (figure developed from data in Snowden et al. 2016). Both species are
highly sensitive to blue light fraction. Photosynthesis likely increased in cucumbers because of
decreased self-shading at the higher blue light fractions

effect among species or PPF levels (Fig. 5.7). Overall, these results indicate sig-
nificant differences in sensitivity to blue light among species. The effects of blue
light were mediated by changes in leaf area, without any significant effects on

photosynthesis.

Contrary to multiple reports on green light effects on growth (both increases and

decreases), Snowden et al. (2016) found no consistent effect of green light among
species on either growth or photosynthetic efficiency.
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Fig. 5.7 Effect of green light on dry mass, leaf area index, and photosynthetic efficiency in
tomatoes and cucumbers (figure developed from data in Snowden et al. 2016). The green symbols
represent light from green LEDs, which have 92% of their output between 500 and 600 nm. The
regression lines connect treatments with blue, green, and red PPF fractions from LEDs. As the
green light fraction increased, the red light decreased

5.16 Conclusions

The efficacy of LED fixtures has increased, and the associated time for a breakeven
return on investment has decreased. An overlooked advantage of LED fixtures is
their more focused light distribution. Much of the advantage of LEDs results from
their small size and wattage. Because a single LED can be only one watt, it requires
1000 single LEDs to equal to power input of a single 1000 W HPS fixture. These
single LEDs can be positioned to increase the efficiency of radiation transfer to
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plant leaves. When users can take advantage of this feature, LEDs are often the
technology of choice for plant growth lighting. The effect of LED technology on
leaf temperature has also been reviewed. At an equal photosynthetic photon flux,
the cooling effect of LEDs is about 2 °C, which is much smaller than is often
assumed. The effects of blue light on leaf expansion and radiation capture are
significant, but the effects of green light are minimal. These findings are consistent
with the idea that we have rediscovered the value of broad spectrum light for plant
growth and development.
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Chapter 6

An Overview of LED Lighting
and Spectral Quality on Plant
Photosynthesis

Most Tahera Naznin and Mark Lefsrud

6.1 Introduction

Close to half of the sun’s total radiation emission reaching the earth’s surface is
visible light, which ranges from about 390 to 700 nm wavelengths. The sun, for
example, is a broad-spectrum light source emitting photons of every wavelength
continuously (with no strong emission lines) and is sensed as ‘white light” by the
human brain. In fact, a prism can reveal true white light which is/as an amalgamation
of light including violet (400—450 nm), blue (450-520 nm), green (520-560 nm),
yellow (560-600 nm), orange (600—625 nm), and red (625-700 nm; Table 6.1).
Visible light is flanked on the shorter wavelength end of the spectrum by invisible
ultraviolet electromagnetic radiation (10400 nm) and on the longer wavelength end
by infrared radiation (700 nm—1 mm), which constitutes roughly the other half of
solar radiation incident on the earth’s surface (Koning 1994; Benton 2005; Cooper
2000). These three wavelength regions of the electromagnetic spectrum are of utmost
significance with respect to biological systems (Mishra 2004). Plants use light of
roughly the same wavelength range as the visible spectrum for photosynthesis, from
400 to 700 nm, but instead leaves reflect a higher proportion of green than of any
other color of photons, which lends them their common green color (Koning 1994).

Photosynthesis is a photobiochemical process using light energy to produce ATP
and NADPH, ultimately consumed in the assembly of carbon atoms in organic mole-
cules. Functionally, photons are harvested by protein chlorophyll-carotenoid
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Table 6.1 Selected properties of the ultraviolet, visible, and infrared wavelength regions of light
which are of particular interest with respect to biological systems

Color Wavelength Representative Energy (eV/ Energy (kcal/
range (nm) wavelength (nm) photon) mole photon)

Ultraviolet | <400 254 4.88 112.5

Violet 400425 410 3.02 69.7

Blue 425-490 460 2.70 62.7

Green 490-560 520 2.39 55.0

Yellow 560-585 580 2.14 493

Orange 585-640 620 2.00 46.2

Red 640-740 680 1.82 42.1

Infrared Above 740 1400 0.88 20.4

Perception of colors which define the visible light categories is subjective and can vary from
person to person. Energy values are based on the representative wavelengths (Mishra 2004)

complexes (that form the light-harvesting antenna of photosystems) and then trans-
ferred to the photosystem reaction center, where electrons are generated; these pro-
cesses take place in the chloroplast (Solymosi and Keresztes 2012). If lighting is too
weak, photosynthesis cannot work efficiently and etiolation symptoms appear
(Solymosi and Schoefs 2010). However, excessive light generates oxygen radicals and
causes photoinhibition. Both phenomena strongly limit primary productivity (Barber
and Andersson 1992). Photosynthetic processes are often modified in plants grown
under artificial lighting. Light-emitting diodes (LEDs) are an alternative light source
and have created new opportunities for protected cultivation (Darko et al. 2014).

6.2 Light-Emitting Diodes (LEDs)

LEDs have low operating power, narrow bandwidth emissions, and a readily
controllable spectral distribution (Brown et al. 1995, see Chap. 1 for more details).
Narrow bandwidth emissions and readily controllable spectral composition are due
to the nature of solid-state lighting. An LED consists of a forward-biased diode with
a ‘p’ and ‘n’ junction, and electroluminescence is achieved by adding chemical
impurities within the junction (Kasap 2001). The ‘p’ junction is doped with ele-
ments (also called impurities) that have an abundance of valence electrons available
for conduction, while the ‘n’ junction is doped with elements that have a shortage of
electrons or holes (Kasap 2001). Without externally applied voltage, an electro-
magnetic equilibrium is reached between the ‘n—p’ junctions that are characterized
by potential energy; however, no net current discharge occurs as the diode is in a
state of equilibrium. By contrast, when external voltage is applied, equilibrium no
longer exists and electrons flow from the ‘n’ to the ‘p’ junction, to the depletion
region located between junctions (Kasap 2001). Once electrons combine with the
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Relative Irradiance

Wavelength (nm)

Fig. 6.1 Spectrum of different colored LEDs. Relative irradiance versus peak wavelength of 14
different LED arrays at 1.4 A. Relative irradiance was measured from a pmol m 2 s~! scale

holes in the depletion region, electrons drop from the conduction band to the
valance band which results in photon emission.

The conduction band refers to the energy of free electrons that originate from the
‘n’ junction, while the valence band refers to the valance energy of the holes that
originate from the ‘p’ junction. Photons released from LEDs correspond to the
energy difference of the conduction and valence bands, also called the band gap
(Kasap 2001). The band gap of an LED can be readily manipulated by altering the
doping substances and the dopant concentrations. When bonds are formed within
solid substrate of the LED, delocalized molecular orbitals occur (Kasap 2001).
LEDs can produce light from 350 to 940 nm (Steigerwald et al. 2002), and spectral
composition control is greater with LEDs than any other commercial lighting
technology (Morrow 2008). The spectral composition of LEDs with peak wave-
lengths from 400 to 700 nm is depicted in Fig. 6.1.

6.3 Photosynthetic Reaction

Photosynthesis is a chemical process where the electromagnetic energy of photons
is absorbed, transferred, and stored chemically in carbohydrate molecules through a
complex array of oxidation/reduction reactions in photosynthetic organisms
(Fig. 6.2). Photosynthetic organisms are also referred to as photoautotrophic
organisms, include bacteria, algae as well as plant species and together, are the
primary source of energy for all other life-forms on earth (Falkowski and Raven
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Fig. 6.2 Schematic presentation of the photosynthetic apparatus and the chemical reactions of
photosynthesis (adapted from Falkowski and Raven 2007)

2007). The photosynthetic process can be described by the following simplified
equation:

lightenergy + 6CO; + 12H,0 — C¢H,0¢ 4 60, + 6H,0

Photosynthesis occurs within the chloroplast, a chlorophyll bearing type of
plastid organelle dedicated to energy production (Cooper 2000; Mishra 2004). These
are found within the cytoplasm of mesophyll cells, mostly the palisade and spongy
parenchyma cells located between the bounding epidermal layers of leaves (Mishra
2004). Within chloroplasts, the energy-generating photooxidation-reduction reac-
tions of photosynthesis occur within the third, internal thylakoid membrane system,
which forms a set of flattened thylakoid disks, often stacked in grana (Cooper 2000).

Embedded in the thylakoid membrane are five membrane protein complexes
which participate in electron transport and the concomitant synthesis of the energy
carrier molecules NADPH and ATP, which in turn serve to fuel the synthesis of
carbohydrates. Prominent among these are the two main photosynthetic light reaction
centers, membrane protein photosystem I and II complexes (PS I and PS II), named
after the order of their discovery, which is counter to that of their evolution in nature.
Also known as pigment systems I and II, these consist of arrays of associated
chlorophyll and carotenoid antenna pigments, the molecules involved in harvesting
light energy for photosynthesis, arranged in such a way as to maximize light energy
capture and transfer (Cooper 2000; Mishra 2004). Chlorophyll a (Chl a) is the main
pigment in photosynthesis, occurring at the light reaction centers in all photosyn-
thetic organisms (Farabee 2007). In PS II, the reaction center Chl a is known as P-680
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based on its excitation wavelength, while at PS I the form of Chl a is P-700 (Mishra
2004). Accessory antennae pigments are highly conserved in higher plants and
include chlorophyll b (Chl b) and the carotenoid, B-carotene, and the carotenoids
subset xanthophylls, Iutein, violaxanthin, anteroxanthin, and zeaxanthin. The car-
otenoid and xanthophyll pigments are lipid soluble yellow, orange, and red sec-
ondary plant pigments that are uniquely synthesized in plants, algae, fungi, and
bacteria (Sandmann 2001). They surround the light reaction centers where they
harvest light energy and channel it, through resonance energy transfer, to Chl a at the
reaction center. In cotton (Gossypium hirsutum L.), lutein is the predominant car-
otenoid in PS II, while B-carotene is the predominant carotenoid in PS I (Thayer and
Bjorkman 1992). In the PS II complex, B-carotene is highly concentrated close to the
reaction center, while lutein is present in several light-harvesting antennae compo-
nents (Demmig-Adams et al. 1996). Photosynthesis is activated when sufficient
photon energy excites electrons in the P-680 form of the Chl a pigment in PS II,
ejecting the electrons from it, effectively oxidizing them. The electrons are then
replaced by the photolysis of water within the thylakoid lumen, which splits it into
two hydrogen ions (protons, H") and free O>~ ions. The O*~ ions combine to form the
released diatomic O,, and the protons which remain in the thylakoid lumen contribute
to establishing a proton gradient across the thylakoid membrane, energizing it with a
potential energy which ultimately serves in ATP synthesis and/or photoprotection
(Cooper 2000; Falkowski and Raven 2007). The electron transport chain of PS II
(Fig. 6.2) transfers the segregated high-energy electrons to plastoquinone (PQ) in the
membrane. Plastoquinone then siphons the electrons to the second protein complex,
cytochrome bf, where they lose energy pumping additional protons into the thylakoid
lumen. Plastocyanin (PC) then transfers the depleted electrons to PS I, where photon
light energy excites the P-700 Chl @ molecule, thereby raising those same electrons
back to a higher energy, excited state. When the absorption of light radiation exceeds
the capacity of photosynthesis, excess excitation energy can result in the formation of
triplet excited chlorophyll (*Chl) and reactive singlet oxygen (‘O,). Carotenoid
pigments protect photosynthetic structures by quenching excited >Chl to dissipate
excess energy (Frank and Cogdell 1996) and binding 'O, to inhibit oxidative damage
(Demmig-Adams et al. 1996). Ferrodoxin (FD) transfers these to the fourth thylakoid
membrane protein complex, NADP reductase, where NADP* is reduced to NADPH
in the chloroplast stroma. Finally, the fifth thylakoid membrane complex, ATP
synthase, converts ADP and inorganic phosphate to ATP, using the proton motive
force from the proton gradient established by the photolysis of water and the flow of
electrons through the cytochrome bf complex to run its proton pump in reverse. In the
chloroplast stroma, ATP and NADPH then fuel the fixation of atmospheric CO, and
its incorporation into the three carbon sugar glyceraldehyde-3-phosphate in the
Calvin cycle reactions, mediated by the enzyme RuBisCO (Ribulose-1,5-bis-
phosphate carboxylase), thought to be the most abundant protein on earth (Cooper
2000; Mishra 2004; Farabee 2007; Falkowski and Raven 2007).
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6.4 Photosynthetic Pigments

The pigments of plants have specific wavelength absorption patterns known as the
absorption spectrum (Table 6.2). Chlorophyll absorbs wavelengths of light strongly
in the red and blue regions, with little absorbance occurring in the green wave-
lengths. In acetone, Chl a has a peak absorbance at 430 and 663 nm, while Chl
b peaks at 453 and 642 nm. The pigments B-carotene and lutein in acetone absorb
strongly in the blue region of light with a maximum peak occurring at 454 and
448 nm, respectively (Hopkins and Huner 2004; Taiz and Zeiger 1998). These
pigments have local absorption peaks with B-carotene having a second absorption
peak at 477 nm, and lutein having two local peaks at 422 and 474 nm. However,
peak absorption in a plant can shift up to 38 nm and is dependent on the specific
environment surrounding the chloroplasts (Heber and Shuvalov 2005). The
absorption of these wavelengths of light does not always directly correlate into
biosynthesis of chlorophylls and carotenoids. The absorption of specific wave-
lengths of light required for biosynthesis is known as the action spectrum (Fig. 6.3).
Wavelengths of light at 500 nm and levels greater than 700 nm result in very little
biosynthesis of chlorophyll (Koski et al. 1951; Ogawa et al. 1973).

Carotenoids are secondary metabolites and vital pigments in plants which are
utilized as antenna pigments to minimize the damage of photosynthetic components
from the active triplet state of the chlorophyll molecule (Landrum and Bone 2001;
Kopsell et al. 2009). Lutein and B-carotene are the two main carotenoids located in
the antenna pigments. Ohashi-Kaneko et al. (2007) found that the carotenoid
concentration was higher in spinach grown under blue fluorescent lamps than in
spinach grown under white fluorescent lamps with the same PPFD (300 pumol
m 2 s7h). Lietal. (2009) similarly showed that lutein and B-carotene concentrations
in spinach were markedly increased when grown under blue fluorescent lamps with
a PPFD at 300 pmol m 2 s~ L. In contrast, Cui et al. (2009) found that the car-
otenoid concentration was increased in cucumber seedlings grown in plastic tunnel
greenhouses and supplemented with four hours of red or yellow LED lights per day.
Lefsrud et al. (2008) found that lutein and B-carotene accumulations were highest in
kale under red (640 nm) LEDs and blue (440 nm) LEDs, respectively.

Table 6.2 Local maximum absorption in acetone of plant pigments (Hopkins and Huner 2004)

Pigments Peak absorption Local peak absorption in acetone (nm)
in acetone (nm)

[B-carotene 454 477

Chlorophyll a 663 430

Chlorophyll b 642 453

Lutein 448 422, 474
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Fig. 6.3 Absorption spectra Chlorophyll a
and action spectrum of
chlorophyll and antenna
pigments (adapted from
Cambell et al. 1999)

Chlorophyll b

— Carotenoids

Absorbance of light by
chloroplast pigments
——

4

600 100
Wavelength of light (nm)
(a)Absorption spectra
‘a“ ]

28

£

s

33

i

i

-]

(b) Action spectrum

6.5 Effects of LEDs on Chlorophyll Fluorescence

Chlorophyll fluorescence is a noninvasive measurement of photosystem II (PS II)
activity. The sensitivity of PS II activity to abiotic and biotic factors has made this a
key technique not only for understanding the photosynthetic mechanisms but also
as a broader indicator of how plants respond to environmental change (Murchie and
Lawson 2013; Baker and Rosenqvist 2004). Light energy absorbed by chlorophyll
molecules can (i) drive photosynthesis (photochemistry); (ii) be re-emitted as heat;
or (iii) be re-emitted as light (fluorescence; Murchie and Lawson 2013). Fv/Fm
represents the maximum potential quantum efficiency of photosystem (PS II), and
an Fv/Fm value in the range of 0.79-0.84 is optimal for many plant species, with
lowered value indicating plant stress (Maxwell and Johnson 2000). The LEDs
impact on the chlorophyll fluorescence. Kim and Kim (2014) applied four levels
(red, blue, red + blue, and white LED) of light quality to investigate the effects of
LED light on the chlorophyll fluorescence of grafted cucumber seedlings. They
observed the variable fluorescence (Fv) was the highest with red LED, while Fv
significantly decreased under blue LED. Quantum yield (Fv/Fm) was the greatest
with blue LED. However, Fv/Fm for scion significantly decreased under red LED.
Metallo et al. (2016) found the quantum yield of PS II (Fv/Fm) was influenced by
LED light in sprouting broccoli. The maximum quantum yield was observed at 5%
blue/95% red but not significantly difference at 20% blue/80% red LED treatments.
Another results showed that chlorophyll fluorescence parameters as the maximal
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quantum yield (Fv/Fm), photochemical quenching coefficient (qP), and light
quantum yield (qY) values were the highest under blue LED light, and the values
were the lowest under green LED light of Houttuynia cordata seedlings (Wang
et al. 2015). Chlorophyll fluorescence parameters as Fv/Fm was in the range of
0.52-0.72 at 40% Blue/60% Red and 0% Blue/100% Red, but overall slightly
higher in the control (32% B blue/White) of Phalaenopsis ‘Vivien’ and ‘Purple
Star’ (Ouzounis et al. 2014).

6.6 LEDs on Plant Photosynthesis and Growth

The initial experiments on lettuce plant growth under red LEDs were reported by
Bula et al. (1991). Red LEDs increase plant growth because these wavelengths
perfectly fit with the absorption peak of chlorophylls and phytochrome (Schoefs
2002). In addition to providing a better excitation of the different types of pho-
toreceptors, the blue and red combination allowed a higher photosynthetic activity
than that under either monochromatic light (Opdam et al. 2005). Naznin et al.
(2012) examined the effect of 14 specific wavelengths of LEDs (405, 417, 430, 450,
470, 501, 520, 575, 595, 624, 633, 662, 680, and 700 nm) on photosynthesis of
tomato, lettuce, and petunia seedlings. They found photosynthesis, absorbance,
quantum yield, and action spectrum peaks in the range from 417 to 450 nm and in
the range from 630 to 680 nm. Stutte et al. (2009) reported that application of
far-red (730 nm) with red (640 nm) increased biomass accumulation and leaf length
in lettuce plant. The addition of far-red (735 nm) with red (660 nm) LEDs increased
plant height and biomass accumulation in sweet pepper (Capsicum annum L.;
Brown et al. 1995). Application of red (640 nm) LEDs as a sole source increased
anthocyanin accumulation in red leaf cabbage (Brasica olearacea L. var. capitata;
Mizuno et al. 2011).

Several experiments have been shown that the blue (400-500 nm) LEDs in
combination with red LEDs effect on vegetable morphology, growth, and photo-
synthesis. Goins et al. (1997) found that wheat (Triticum aestivum L., cv.
‘USU-Super Dwart”) plant can complete full life cycle under sole red LEDs but
higher shoot dry mass accumulation and larger amounts of seed are produced under
red LEDs supplemented with a blue light. The blue (440 and 476 nm) LEDs with
red LEDs increased the chlorophyll ratio in Chinese cabbage plants (Mizuno et al.
2011 and Li et al. 2012). Naznin et al. (2016) observed higher fresh and dry mass
accumulation in coriander plants cultured under different ratios of red to blue LEDs
than those plants cultured under 100% red LEDs. It is well established that stomata
opening is controlled by blue-light photoreceptors (Ieperen and Trouwborst 2008).
This is possibly reflected in the increase of shoot dry matter with increasing levels
of blue light (Nanya et al. 2012). Schwalb et al. (2014) examined the effect of
different ratios of red (660 nm) and blue (435 nm) LEDs (1:10, 1:5, 1:1, 2:1, 3:1,
4:1,5:1, 6:1, 7:1, 8:1, 9:1, 10:1, 11:1, 12:1, 13:1, 14:1, 15:1, 20:1, 25:1, 30:1, 50:1,
and 100:1) on photosynthesis of lettuce and petunia seedlings with and without
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background broadband high-pressure sodium radiation. They found the optimum
photosynthesis range occurred within the red:blue range of 5:1-15:1 except for
petunia without background radiation for which the maximum occurred at 50:1.

Green (505 and 530 nm) LEDs with HPS lamps enhance better growth of
cucumber (Novickovas et al. 2012). Johkan et al. (2012) reported that green LEDs
with high PPF (300 pmol m ™2 s~ ') enhance the growth of lettuce plant. Seedlings
grown under green, red, and blue LEDs enhance longer plant height than those
grown under red (630 nm) and blue (470 nm) alone (Folta 2004). [llumination with
more than 50% of green LED light causes a reduction in plant growth, whereas
treatments containing up to 24% green light enhanced growth for some species
(Keefe 2007). Sole green light is not sufficient for optimal plant growth because it is
least absorbed by the plant, but in combination with red and blue, green light might
show some important physiological effects.

6.7 Conclusion

In conclusion, different spectral qualities effect on plant photosynthesis, growth,
and development. It has been shown that plants exhibit a high degree of physio-
logical, morphological, and anatomical plasticity to changes in spectral quality.
Study of determining the species specific optimal light spectra for maximum plant
growth would be beneficial.
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Chapter 7
LED Lighting in Horticulture

Akvilé Virsilé, Margit Olle and Pavelas Duchovskis

7.1 Introduction

Supplemental lighting in horticulture has been used for over a century with the
purpose of enhancing plant growth and development (Wallace and Both 2016).
However, this technology has been borrowed from the lighting industry that was
not originally designed or intended for plants (Mitchell et al. 2015). Several lamp
technologies have been used for plant cultivation and research, such as incandes-
cent, fluorescent, metal halide, and high-intensity discharge lamps. The application
of each technology has been optimized for a wide range of horticultural crops for
photoperiod control, changing plant morphology, and enhancing photosynthesis
(Wallace and Both 2016). Today, we are in the midst of a revolution in lighting
(Patisson et al. 2016). Light-emitting diodes (LEDs) are replacing conventional
lamps in almost every indoor and outdoor lighting application, and the rapid
technological progress of LEDs provides opportunities for advancements in horti-
cultural lighting (Olle and Virsile 2013).

The specific advantages of LEDs include capability to control spectral output
and light intensity (photosynthetic photon flux PPF) (Mitchell et al. 2015).
Light-emitting diodes emit narrow-band wavelengths from UV-C (~250 nm) to
infrared (~ 1,000 nm) (Bourget 2008). It is the first light source that enables the
selection of specific wavelengths in the lighting spectrum that match the absorbance
of plant photoreceptors (Morrow 2008) and therefore impacts specific vital plant
processes.
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The introduction of LEDs offers the possibility to control plant growth, devel-
opment, and metabolism by tailoring light parameters. However, in horticultural
systems, it is difficult to attain the balance between natural plant requirements and
technological options based on commercial purposes. The main objectives of the
horticultural industry are the high-quality and productivity vegetable produce with
minimal costs (van Ieperen 2016). Therefore, horticultural plants are often culti-
vated under conditions that do not match the technological aims of the grower better
than natural physiological needs of the plant. In natural habitats, plants have
adopted their physiology in accordance with the variations in solar spectrum and
intensity. Generally, they are well-equipped to survive and flourish in a variety of
environments (van Ieperen 2016) and are able to adapt to artificial lighting
conditions; however, exposure to light parameters that are beyond the natural
tolerance zone of the plant may also have negative results (van leperen 2016).
Innovative LED systems add a completely new dimension to lighting control (van
Ieperen 2016); however, LED functionality depends on specific photobiological,
physiological, and technological knowledge for proper operation. For example,
narrow-spectrum LEDs must be proportioned carefully to obtain the desired plant
responses (Mitchell et al. 2012). Therefore, LED applications in horticulture are
closely interconnected with the knowledge of plant photomorphogenesis. The first
research results on LED application for plant lighting have been published in the
early 1990s, with a considerable increase in the number of publications during the
last five years. However, due to the variability of results obtained from different
plant species and varieties, no general LED lighting model was yet established, and
questions about LED lighting parameters, ideally for different horticultural plants in
different developmental stages along with the grower’s objectives, are still open.

7.2 The Concept of Horticultural LED Lighting
and Its Emergence

Initial reports on LED applications in plant cultivation have been published in the
early 1990s in the USA; they mainly focused on developing plant cultivation
systems for space missions (Barta et al. 1992; Yorio et al. 2001; Massa et al.
2008) and were reviewed by Morrow (2008). At that time, only red LEDs
(~660 nm) had a photosynthetic photon flux output adequate for meeting plant
requirements. The results of the first experiments with lettuce (Bula et al. 1991),
spinach, radish, potato (Yorio et al. 2001), and wheat (Goins et al. 1997) revealed
the need of blue light for normal growth and photosynthesis. The spectrum was
then enriched with the blue fluorescent lights (Bula et al. 1991; Yorio et al.
2001); however, comprehensive research on LEDs began with the development of
high-power blue LEDs. Numerous studies have confirmed that the spectral
combination of red and blue lights in different ratios is adequately efficient for the
cultivation of various plants under greenhouse conditions (Brazaityté et al. 2006;
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Hogewoning et al. 2010; Johkan et al. 2010; Mizuno et al. 2011). The use of red
and blue LEDs has been the prime selection for the producers, as these wave-
lengths are efficiently absorbed by the primary plant pigments (chlorophylls)
(Ouzounis et al. 2015a). Moreover, the combination of red and blue lights pro-
vides the highest photon efficiency as compared to other LED colors (Nelson and
Bugbee 2014). These are the main reasons for the predominance of such
bicomponent LED spectra in early commercial applications.

7.2.1 The Concept of Light Spectral Efficiency

A generalized lighting spectrum for photosynthesis, suggested by McCree (1971)
nearly half a century ago, indicated that red and orange light photons are the most
efficient, while green photons have remarkably lower efficiency as compared to red
and blue lights (Bugbee 2016). Following that, one of the most discussed advan-
tages of LEDs was the potential to combine lighting spectra by selecting only the
physiologically efficient light wavelengths, avoiding wasting the energy for
unproductive colors, such as green and yellow. However, photosynthetic response
curves were developed from single leaves, at a low photosynthetic photon flux
density, over a short time interval. In recent years, this trend has changed to a more
comprehensive approach. Light efficiency is no longer assessed by single leaf
response, but rather the response of the whole plant canopy, with light distribution
within different canopy layers, showing the importance of a wide light spectrum for
plant growth and development (Bugbee 2016; Snowden et al. 2016). In addition to
primary photosynthetic chlorophyll pigments, other plant pigments, such as car-
otenoids and anthocyanins, are also capable of harvesting light. All these pigments
have different absorption spectra, allowing the plants to absorb the wide composite
light spectrum (Ouzounis et al. 2015a). However, being the main source of energy
for photosynthesis, light parameters also act as signals in processes driving gene
expression, physiology, morphology, and metabolism. A plant’s response to the
light environment is determined by the actions of distinct photoreceptors. The
signaling pathways of phytochromes, cryptochromes, phototropins, and UVRS
sensors are integrated to fine-tune the developmental and photosynthetic status of
the plant (Ouzounis et al. 2015a, Fig. 7.1). Understanding the individual plant
responses as well as the synergy between the photoreceptors and photosynthetic
signaling networks assists in the selection and timing of LED light programs for the
regulation of crop growth (Pocock 2015). Selective activation of specific
light-sensing pathways by customized LED luminaries allows growers to control
plant productivity, quality, and production timing. Carvalho and Folta (2014) have
generalized these concepts and proposed the meaning of ‘environmentally modified
organisms’: by tailoring controllable environmental parameters (including light), it
is possible to adjust plant traits within the genetic potential and produce desirable
changes in plant productivity, development, or metabolism in a significantly shorter
time than breeding or other genetic modifications.
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Fig. 7.1 Light spectra and photoreceptors involved in plant growth and development
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7.2.2 LEDs in Greenhouse and Closed Environment
Horticulture

Using LED light sources provides an opportunity for directly intervening in plant
growth, development, and metabolism; however, it requires extended knowledge,
as the effects of light quality are complicated and the reported results are often
controversial. However, the variability of research results is possibly due to dif-
ferent experimental conditions and plant varieties, which makes it difficult to
compare these results. A global model for LED lighting parameters has not yet been
developed (Nicole et al. 2016). Moreover, plant responses to monochromic light
also depend on the background spectrum; the effects of separate light wavelengths
differ when applied in combination with other, differential light wavelengths.
Therefore, lighting strategies optimized for closed environment chambers not
always produce equivalent results in greenhouse conditions. Even the low flux of
natural daylight in a greenhouse, especially the variation in its spectrum, quantity,
and photoperiod, has an important physiological impact on plants. Therefore,
lighting conditions in greenhouses and closed environment cultivation systems
should be optimized separately.

Most applications of LED lighting in greenhouses choose the combinations of
red and blue wavelengths with high photon efficiency. In plant factories, the new
form of protected horticulture (Kozai 2015) combinations of red/blue or red/white
are also suitable (Nicole et al. 2016). Green or white light, containing substantial
amounts of green wavelengths, has the positive physiological impact on plants and
also are beneficial for improving the visual appearance of plants in closed envi-
ronments. The combination of blue and red lights creates the purplish-gray image of
plants for the human eye, therefore hindering the visual evaluation of plant health
and injuries. A small flux of green light is useful to resolve this issue (Massa et al.
2008). White LEDs containing red, blue, and green wavelengths have also been
tested as an attractive, human vision-friendly source of plant lighting. Cope and
Bugbee (2013) evaluated the impacts of warm, neutral, and cool white LEDs (with
11, 19, and 28% of blue light, respectively) on the growth and development of
radish, soybean, and wheat. They concluded that cool white LEDs could be the
light source of choice because they are more electrically efficient as compared to
neutral and warm white LEDs. Further, the high percentage of blue light in cool
white LEDs fulfills the blue light requirements for normal plant growth and
development. Dynamic lighting with the ability of shifting from cool to warm white
LEDs in different growth stages also promotes plant growth. During initial stages of
growth, a high percentage of blue light in the spectrum of cool white LEDs results
in short, sturdy hypocotyls (Cope and Bugbee 2013). In later developmental stages,
cool white LEDs could be replaced by warm while LEDs. This light spectrum
would promote leaf expansion; and in final growth stages, cool white LEDs should
be used again to prevent excessive stem elongation (Cope and Bugbee 2013). The
dynamic lighting parameters follow the patterns of variable natural lighting and
could be assigned to the innovative approach of biomimicry in technologies.
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Biomimicry (bio—life and mimesis—to copy (in Greek)) is a growing field that
aims to interpolate natural biological mechanisms and structures into a wide range
of applications (Lurie-Luke 2014). The dynamic control of supplemental LED
lighting intensity has been proven to reduce electricity consumption by ~20%,
without affecting crop quality or productivity (Pinho et al. 2013; Schwend et al.
2016).

However, the modeling of artificial dynamic lighting parameters, even when
following the principles of natural lighting, calls for comprehensive knowledge.
A thorough understanding of the plant (as a part of a community in its habitat)
lighting requirements during different growth stages may allow to develop a con-
trolled spectrum LED system, which would be much more beneficial for the plants
than that of white LED treatment (Singh et al. 2015). Multi-wavelength hybrid
package LEDs, as smart and tunable light sources, emitting wide light spectrum
(Son and Oh 2015) would be remunerative for the development of dynamic LED
lighting systems, once the horticulture LED market matures.

7.3 LEDs Versus High-Pressure Sodium Lighting

Some examples of main light sources used in the 1990s are high-pressure sodium,
high-pressure mercury, and fluorescent lamps (Olle 2015). High-pressure sodium
(HPS) lamps have been the main supplemental light source in greenhouses in
northern latitudes. Their prevalence is based on low costs, high photosynthetically
active radiation emission, long lifetime expectancy, and high electrical efficiency.
However, the main drawback of HPS lighting is related to poor quality of its
spectral emission, which is predominantly in the yellow-green and infrared region
of the electromagnetic spectrum, with a low blue light emission and a red-to-far-red
ratio (Pinho and Halonen 2014). In recent decades, light-emitting diode lighting has
been developed as a potential substitute for high-pressure sodium light. The use of
LEDs in plant lighting applications provides novel opportunities for optimization of
plant growth and development. This can be achieved through controlling the
quantity, periodicity, and spectrum of the light provided; such an optimization can
be tailored to the specific needs of each crop species and its production conditions
(Pinho et al. 2007). HPS and LED technologies are not competing in horticultural
lightining, they have their own niches there—it means—supplement each other.
Nelson and Bugbee (2014) state that HPS fixtures are still preferred in large
greenhouses with small aisles and uniformly spaced plants, where the broad, even
output pattern from HPS fixtures provides uniform light distribution. In smaller
greenhouses with spaced benches, the more focused pattern typically found in LED
fixtures can maximize radiation transfer to plant leaves (Nelson and Bugbee 2014).
However, in most cases, the choice between different light sources is based on cost
analysis and photon efficacy, expressed as the conversion efficiency of electricity to
photosynthetic photons, wmol J™' is the main index here. Nelson and Bugbee
(2014) reported that most efficient LEDs and HPS fixtures produced in the USA had
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nearly identical efficiencies from 1.66 to 1.70 pmol J™'. They calculated initial
capital costs of fixtures per photon delivered and determined that LED fixtures cost
five to ten times more than HPS fixtures. Compared to electric costs, their analysis
indicated that the long-term maintenance costs were low for both technologies.
However, in northern Europe, independent measurements have shown efficiencies
of commercially available Dutch and Danish LED fixtures of 2.2-2.4 pmol J™*,
whereas newest HPS lamps (1,000 W) reach up to 2.1 pmol J7!. Therefore, LEDs
are fully implementable on a commercial scale (Ouzounis et al. 2015a).

In any case, LED lighting is already irreplaceable in its niche application fields,
such as intermittent illumination system (Kanechi et al. 2016), inter-lighting, or
close-canopy lighting in closed environment horticulture (plant factories).
Controlled environment crop cultivation under LED lighting is being envisaged as
the new face of agriculture in the near future (Agarwal and Dutta Gupta 2016). The
application of LED technology for close-canopy lighting commonly results in
significantly lower leaf temperatures than lighting with high-pressure sodium
lamps. A recent analysis has shown that photon efficacy of the most efficient
commercial LED fixtures was equal to that of the most efficient HPS fixtures at
1.7 umol photosynthetic photons J™' of electrical input; thus, theoretically, they
generate the same amount of thermal energy per photosynthetic photon. However,
LEDs dissipate much of their heat away from the plane they illuminate, while HPS
fixtures dissipate more heat toward the plane they illuminate (Nelson and Bugbee
2014).

Another concern limiting the prevalence of LED lighting for plant cultivation is
the heterogeneous information about optimal LED lighting parameters for different
plant species. The variable experimental conditions as well as the wide variety of
plant species analyzed with no systematic research approach hardly allows to
compare and combine current knowledge on LED parameter effects on plants.
Therefore, the user of LEDs should preferably have basic photobiological knowl-
edge to be able to perform correct and targeted lighting operations.

7.4 LED Lighting for Main Horticultural Crops

7.4.1 Microgreens

Microgreens are a relatively new specialty crop appearing in many upscale markets
and restaurants. These crops consist of vegetables and herbs consumed at initial
growth stages. Research reports propose that the reaction of these specialty crops to
lighting parameters is relatively different from that of the mature plants (Brazaityté
et al. 2016). However, the blue light is of primary importance in microgreen
lighting. Results show significant increases in shoot tissue pigments, glucosinolates,
and essential mineral elements in Brassica microgreens under the exposure of
higher percentages of blue LED wavelengths (Kopsell and Sams 2015). Other
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authors showed that supplemental blue light can also be strategically used to
enhance the nutritional value of microgreens (Vastakaité et al. 2015) as well as the
mineral contents (Kopsell et al. 2014; Gerovac et al. 2016). In indoor experiments,
Brazaityté et al. (2016) have cultivated different microgreens species under the main
set of red, blue, and far-red LEDs, supplemented with yellow, orange, green, and
UV-A LEDs. They concluded that supplemental green (520 nm) and orange
(622 nm) light induced nitrate reduction, while yellow (595) and UV-A (366,
390 nm) were more favorable for antioxidant compound accumulation, with
insignificant effects on growth parameters. In contrast, Gerovac et al. (2016) found
that regardless of light quality, as the lighting integral increased from 105 to
315 mmol m ™2 s™', hypocotyl length decreased and percent dry weight increased
for kohlrabi, mizuna, and mustard microgreens (Gerovac et al. 2016). It is still
difficult to determine the common lighting patterns on various microgreens, as a
wide variety of vegetable species (such as beet, kale, basil, radish) with different life
strategies can be cultivated as these specialty crops, which may have specific
lighting requirements even in the early developmental stages.

7.4.2 Lettuce and Other Leafy Greens

Lettuce and other leafy vegetables play an important role in human diet and
nutrition. Their productivity and quality depend on various environmental factors,
with light playing one of the main roles (Mou 2012). At northern latitudes, where
natural light level in the greenhouse during autumn/winter is low, as well as in
closed plant factories where artificial lighting is the sole light source, supplemental
lighting is necessary for commercial crop production. Low light intensity is the
limiting factor in lettuce growth and quality (Colonna et al. 2016); however, light
spectral composition also has a pronounced effect. Concentrations of pigments and
metabolites, such as chlorophylls, carotenoids, anthocyanins, ascorbic acid, and
sugars, are affected by supplementary light sources (Li and Kubota 2009), as well as
the variation in plant size, color, texture, and flavor (Carvalho and Folta 2014).
Light-emitting diodes have been widely analyzed as potential light sources in green
vegetable production as well as for the control of production quality (Table 7.1).
Red light is usually the basis of the lighting spectra, and sole red LED light
might be sufficient for plant growth and photosynthesis. According to previous
studies, ~640 nm (Lefsrud et al. 2008; Samuoliené et al. 2012c; Zukauskas et al.
2011; Samuoliené et al. 2012a) or ~ 660 nm (Brazaityté et al. 2006; Mizuno et al.
2011; Li and Kubota 2009; Tarakanov et al. 2012; Wojciechowska et al. 2015;
Chen et al. 2016) red LED wavelengths are most commonly used in the cultivation
of lettuce and other green vegetables. As will be reviewed later in this chapter, red
LED light is usually combined with blue light for efficient plant cultivation both in
greenhouses and closed environment chambers; however, specific red light treat-
ments can also be advantageous when applied for short periods over a few days
before harvesting (Carvalho and Folta 2014). For example, three days of LED red
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~ 640 nm light supplemental to natural lighting in a greenhouse can increase let-
tuce carbohydrate content and antioxidant capacity and repress undesirable nitrate
contents (Samuoliené et al. 2009, 2013; Zukauskas et al. 2011). The increase in
overall lettuce antioxidant activity under red light is cultivar-specific and more
pronounced in green leaf-type varieties than in red leaf-types (Carvalho and Folta
2014), which naturally contain higher levels of antioxidants, protecting plants from
environmental exposure, including light. Pre-harvest red 640 nm LED exposure
provided variable results in different leafy vegetables. For example, parsley and dill,
after a three-day supplementary red light treatment in the greenhouse, showed
higher accumulation of phenolic compounds, vitamin C, carbohydrates, as well as
increased total antioxidant activity and reduced accumulated nitrate contents, while
no nitrate reduction was observed for mustard, spinach, rocket, and green onion
(Bliznikas et al. 2012). Wanlai et al. (2013) revealed that the combination of red
and blue lights, as compared to sole red light, was more efficient in nitrate reduction
when continuously applied 48 h before harvest. Such short-term light treatments
provide new perspectives for economic pre-harvest quality management in com-
mercial leaf vegetable production under artificial lighting.

Far-red LED light was demonstrated to be beyond the photosynthetically active
region range to support suitable lettuce photosynthesis and growth (Goins et al.
2001). However, changes in red or far-red radiation and their ratios are perceived by
phytochromes (Demotes-Mainard et al. 2016) and may influence photomorpho-
genetic processes in plants. Far-red light, when applied in combination with red
(Stutte et al. 2009; Lee et al. 2015), red and blue LEDs (Lee et al. 2016), or cool
white fluorescent light (Li and Kubota 2009), had pronounced effect on lettuce
growth characteristics: It increased biomass and leaf length, but negatively affected
chlorophyll, anthocyanin, and carotenoid concentrations. Lettuce growth promotion
under supplemental far-red lighting was the result of increased leaf area and,
consequently, improved light interception (Kubota et al. 2012). Far-red light,
applied together with red and blue LEDs, enhanced mineral (potassium, calcium,
and magnesium) uptake in hydroponically grown lettuce (Pinho et al. 2016).
Regarding these effects, supplemental far-red LEDs, in particular portions, should
be considered when designing artificial lighting systems for closed-type plant
factories (Lee et al. 2015).

Although red light efficiently drives photosynthesis, some blue light is typically
necessary to improve growth and minimize shade avoidance responses, including
excessively elongated stems (Snowden et al. 2016). Blue light activates the cryp-
tochrome system and matches chlorophyll and carotenoid absorption spectra, thus
having significant effects on green vegetable morphology, growth, photosynthesis,
and antioxidant system response (Olle and Virsile 2013). Blue LEDs (440—
476 nm), used alone or in combination with red LEDs, stimulated leaf area
expansion and biomass accumulation in lettuce (Johkan et al. 2010; Lin et al. 2013),
Chinese cabbage plants (Li et al. 2012), spinach (Matsuda et al. 2007,
Ohashi-Kaneko et al. 2007), and coriander (Naznin et al. 2016). The positive effects
of increased blue light fractions on growth correspond with the increased leaf
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chlorophyll levels and photosynthetic rates (Yorio et al. 2001; Carvalho and Folta
2014).

Studies of whole plants revealed that photosynthesis often increases with
increasing fractions of blue photons (Hogewoning et al. 2010). However, the effect
of blue light on plant photosynthetic productivity is primarily determined by
changes in radiation capture and not by direct effects on photosynthesis (Snowden
et al. 2016). Plant growth typically tends to decrease when the fraction of blue
photons exceeds 5-10%. High levels of blue light in the spectrum inhibit cell
division, cell expansion, and leaf area growth, what results in reduced photon
capture and diminished growth (Bugbee 2016). Notwithstanding, blue light can
interact with radiation intensity, and the effects of blue light fraction were greater at
higher photosynthetic flux densities (Snowden et al. 2016). There is a wide range in
species sensitivity to blue light, and responses can change with the developmental
stage of the plant (Bugbee 2016), thus numerous and differential results for optimal
red:blue light ratios for plant growth and photosynthesis in research works are
reasonable and not yet exploited.

Blue LED light also was useful in improving the nutritional quality of green
vegetables. It reduced nitrate contents (Xin et al. 2015; Bian et al. 2016), stimulated
antioxidant status, e.g., increasing phenolic compounds (Johkan et al. 2010; Son
and Oh 2013; Bian et al. 2016; Taulavuori et al. 2016), ascorbic acid (Li et al. 2012;
Xin et al. 2015), carotenoids (Lefsrud et al. 2008; Li and Kubota 2009), antho-
cyanin contents, and leaf coloration (Stutte et al. 2009; Li and Kubota 2009;
Mizuno et al. 2011), thereby affecting leaf coloration. Studies show that it is suf-
ficient to apply end-of-production treatments, lasting a few days, with supplemental
blue light to enhance pigmentation in red lettuce varieties (Owen and Lopez 2015;
Nicole et al. 2016). Studies have also confirmed that the effects of blue LED
lighting are species dependent and cultivar dependent and that red-colored cultivars
better acclimatize to the blue lighting conditions than green cultivars (Ouzounis
et al. 2015b; Taulavuori et al. 2016).

Lettuce taste may also be affected by light conditions (Carvalho and Folta 2014).
In one study, the lettuce variety Grand Rapids developed an increasingly bitter taste
under blue light, compared to red or red with far-red light (Carvalho and Folta
2014). Lin et al. (2013) compared the sensual properties of Boston lettuce, culti-
vated under red and blue or red, blue, and white LEDs, and found that the shape,
crispness, and sweetness of red and blue treated plants were not acceptable for the
market, but using supplemental white LEDs resulted in higher crispness and
sweeter taste due to enhanced accumulation of sugars.

Green light also has valuable physiological effects (Olle and Virsilé 2013). In
several studies, 510-530 nm LED light (Johkan et al. 2012; Son and Oh 2015),
comparably to green fluorescent lamps, supplemental for red and blue LEDs (Kim
et al. 2004), promoted lettuce growth. Son and Oh (2015) analyzed leaf mor-
phology, transmittance, cell division rate, and leaf anatomy under treatments with
green LEDs and observed enhanced growth of the two lettuce cultivars tested.
Snowden et al. (2016) and Bugbee (2016) explained that green light penetrates
deeper into leaves and canopies, thereby altering plant growth and development;
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however, its effects may decrease with increasing photosynthetic fluxes. Folta and
Maruhnich (2007) also postulated that green light is ‘a signal to slow down or stop’
plant growth, but they acknowledge that the role of green light is thought to be
especially important in the low light conditions that typically occur below plant
canopies. Green is characterized by better transmission through leaf tissue, as
compared to red or blue light wavelengths (Massa et al. 2015).

Few reports also indicate the effect of green light on the nutritional value of leafy
vegetables. Supplemental 530 nm green light promoted accumulation of a-carotene
and anthocyanins in romaine baby leaf lettuce, cultivated in closed environment
chambers under combination of red and blue LEDs (Samuoliené et al. 2013). The
same authors found that 505, 530, and 535 nm green LED light, supplemental to
high-pressure sodium lamp lighting in a greenhouse, reduced nitrate or increased
ascorbic acid, tocopherol, and anthocyanin concentrations in different baby leaf
lettuce varieties (Samuoliené et al. 2012b, d). Green and yellow LEDs, supple-
mental to the red and blue ones, enhanced emission levels of monoterpenoid
volatiles in basil plants (Carvalho et al. 2016).

However, UV lights have the highest impact on secondary metabolites in leafy
vegetables. Due to limited UV LED availability and relatively high costs (Wargent
2016), only few research results have been published so far. Chang and Chang
(2014) reported an increase in shoot fresh weight of leaf lettuce exposed to UV-A
light. A small flux of UV-A LED irradiation also increased anthocyanin (Li and
Kubota 2009), phenolic compounds, and a-carotene, (Samuoliené et al. 2013)
contents in baby leaf lettuce. Goto et al. (2016) showed that the addition of UV light
1-3 days prior to harvest effectively increases anthocyanin concentration and
antioxidant capacity in red leaf lettuce.

Selected lighting conditions can be adequately introduced into lettuce produc-
tion. However, significant effort will need to be put into the development of LED
lighting models for different green vegetables and lettuce cultivars. In addition,
there are many variables to consider when comparing research reports, such as
vegetable variety, developmental stage, time during which illumination is applied,
the spectral distribution of the light sources, photosynthetic photon flux, photope-
riod length, as well as temperature (Carvalho and Folta 2014) and other conditions
of the cultivation environment. Moreover, in a greenhouse environment, seasonality
effects cannot be eliminated. Several researches performed in northern latitudes
confirm that different light spectral properties were most efficient during different
seasons of the year (Samuoliené et al. 2012a, b; Wojciechowska et al. 2016) as well
as in the same season in different cultivation years (Wojciechowska et al. 2015).

7.4.3 Vegetable Transplants

High-quality vegetable transplants are determinants for successful vegetable pro-
duction under greenhouse conditions. Vigorous vegetable transplants typically have
well-developed leaves and roots with short internode length and thick stems. The
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flower development status is also an important attribute of transplant quality
(especially for tomato), as first flower clusters often develop during the propagation
period (Mitchell et al. 2015). In case of grafted transplants, requirements for
seedling morphology are often opposite: rootstock seedlings preferably have longer
hypocotyls to ensure that the height of the graft union is well above the soil line
(Chia and Kubota 2010). Therefore, control of transplant morphology by light has a
diverse practical value (Table 7.2).

When LEDs were used as the sole source of lighting in closed environment
chambers, plant requirements for light spectral composition were more pronounced
as compared to requirements under greenhouse conditions. Red light alone was not
efficient enough, and the addition of blue light wavelengths resulted in stronger,
shorter tomato seedlings in different varieties (Liu et al. 2011; Nanya et al. 2012;
Ouzounis et al. 2016), shorter cucumber petioles (van Ieperen et al. 2012) and
hypocotyls (Hernandez and Kubota 2016), and eliminated tomato leaf curling,
which had appeared under red light treatment (Ouzounis et al. 2016). However,
increasing blue light input in the light spectra suppressed dry mass accumulation in
tomato seedlings (Nanya et al. 2012). Hernandez et al. (2016) report that dry mass
and leaf area in tomato transplants increased by up to 30-50% with increasing blue
light and then decreased. In cucumber transplants (Hernandez and Kubota 2016),
dry mass also decreased with increasing blue, while chlorophyll content per leaf
area, net photosynthetic rate, and stomatal conductance increased with the increase
of photosynthetic flux of blue light (Hogewoning et al. 2010; Hernandez and
Kubota 2016). Hernandez and Kubota (2016) proposed that for cucumber culti-
vation under sole red and blue LED lights, 10% of blue in total photosynthetic flux
is optimal, while for tomato, 30-50% are beneficial. They also reported that the
addition of green light to the red and blue spectrum did not have any influence on
cucumber plant responses (Hernandez and Kubota 2016). In contrast, Brazaityté
et al. (2009) found that green light accelerated cucumber, but inhibited tomato
transplant growth in a closed environment chamber.

In greenhouse environments, the impact of supplemental light quality seems to
be diminishing, especially when background solar irradiance provides sufficient
photosynthetically active photon flux (Mitchell et al. 2015). It is likely that there is a
threshold background solar daily light integral (DLI) or a relative level of sup-
plemental DLI that requires the additional blue photon flux through supplemental
lighting (Herndndez and Kubota 2012; 2014a, b; Mitchell et al. 2015). However,
Gomez and Mitchell (2015) evaluated the morphological responses of six tomato
cultivars to different two-week LED treatments across changing solar DLIs and
found that in all cultivars evaluated, hypocotyl diameter and leaf area increased
upon addition of blue light to red light. The series of experiments, performed with
different varieties of cucumber, tomato, and sweet pepper transplants in the
greenhouse where a high-pressure sodium lamp spectra, deficient in blue light, was
supplemented with green-blue LED wavelengths (530, 505, 455, 470 nm), showed
different results. In a different experiment, blue and cyan (505 nm) supplemental
light resulted in increased leaf area and fresh and dry weight as well as reduced
hypocotyl length in cucumber and tomato seedlings (Samuoliené et al. 2012c).
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7 LED Lighting in Horticulture 135

Green 530 nm light had a positive effect on cucumber transplants only (Samuoliené
et al. 2012¢; Novickovas et al. 2012). In the case of sweet pepper, blue and cyan
light had positive effects on the variety ‘Reda,” while in F1 transplants of the pepper
variety ‘Figaro,” supplemental blue-green LED light suppressed growth and
developmental rates (Bagdonaviciené et al. 2015; Samuoliené et al. 2012c).

7.4.4 Greenhouse Vegetable Production

Transplant quality might be the limiting factor for further transplant success and
yield. However, supplemental lighting during the yield formation in greenhouses
may also have significant effects on crop productivity and quality, even when
natural lighting is not considerably deficient. Plants benefit from equal distribution
of irradiation through the canopy, when the amount of light received by each leaf is
between the compensation and saturation points. In the high-wire cultivation system
with high plant density, most of the light can only be intercepted to the upper part of
the plant canopy, regardless of natural or artificial overhead lighting (Guo et al.
2016). Inter-lighting is a recently developed supplemental lighting technique to
overcome this problem. Applying a part of the supplemental light within the crop
canopy can improve light distribution through the middle or lower canopy part and
thus increase light use efficiency and crop yield. Due to the high bulb temperatures
of HPS lamps, its use for inter-lighting was not considered. In contrast,
light-emitting diodes have low heat emission, making them potentially suitable light
systems for inter-lighting (Hao et al. 2012). In one study, blue/red LED
inter-lighting positively impacted cucumber leaf photosynthetic characteristics in
the lower leaf layers, resulting in greater leaf mass per area and dry mass allocation
to leaves, but had no effect on total biomass or fruit production (Trouwborst et al.
2010). Kumar et al. (2016) reported that mini-cucumber yield was increased by
22.3 and 30.8% by the addition of one or two rows of inter-lighting LEDs com-
pared to no inter-lighting. However, Hao et al. (2012) revealed that using
inter-lighting, mini-cucumber fruit yield was increased only in the early production
period and gradually diminished toward the late production period.

Goémez et al. (2013) reported significantly lower energy requirements from
supplemental lighting when intra-canopy LEDs were used, compared with overhead
HPS lighting, while maintaining comparable yield in two tomato cultivars.
Dzakovich et al. (2015) observed that reduced supplemental lighting energy con-
sumption by using intra-canopy LED supplemental lighting had no negative impact
on tomato fruit quality. Deram et al. (2014) analyzed different red light and blue
light ratios and proposed an optimal ratio of 5:1 for tomato fruit yield enhancement.
Gomez and Mitchell (2016) observed that both intra-canopy lighting and
top-lighting increased tomato fruit yield relative to the control, but no significant
differences in yield were determined between these two supplemental light treat-
ments. Higher crop photosynthetic activity with intra-canopy lighting did not
increase fruit yield; the remaining photo-assimilates were most likely allocated to
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vegetative plant parts. In sweet pepper, inter-lighting also resulted in 16% higher
total marketable yield, mainly due to increased fruit number and faster fruit mat-
uration (Jokinen et al. 2012). Guo et al. (2016) reported that enhanced sweet pepper
growth and fruit yield were followed by improved fruit quality, compared to the top
HPS treatment, where increased fruit dry matter content and the contents of
health-promoting compounds in fruits (phenolic compounds, total carotenoids) as
well as higher antioxidant activity were determined.

Light condition changes in primary or secondary plant metabolite accumulation
could also be associated with plant immunity, disease development, and interaction
with pests (Vanninen et al. 2010; Johansen et al. 2011). However, to date, only
discrete research results are explored (Schuerger and Brown 1997; Kim et al. 2013),
and plant health promotion by LED lighting parameters is still a future scenario.

7.4.5 Ornamental Plants

There appears to be potential for LED lighting as an alternative supplemental light
source as well as the sole source for propagating seedlings and cuttings of orna-
mental plants (Table 7.3). The selection of LED parameters depends on the plant
species and on the goals of the propagator. In closed environment cultivation
systems, the increasing portion of blue LED light, complementing red light, may
reduce stem extension and result in more compact plants. However, this is followed
by reduced biomass accumulation and leaf expansion in impatiens, petunia, and
salvia (Wollaeger and Runkle 2013). Olschowski et al. (2016) reported that root and
shoot development of Calibrachoa cuttings was highest under a wider spectrum of
white LEDs or a combination of white, blue, and red LEDs, as compared to sole red
and blue. Supplementation of far-red to red and blue radiation increased photo-
synthetic efficiency and subsequent dry mass accumulation, without excessive leaf
and stem expansion in snapdragon (Park and Runkle 2016).

In greenhouses, where LEDs were applied within background natural lighting, a
proper ratio of red and blue LEDs was also suitable for raising Vinca, Celosia,
bedding impatiens, Petunia, marigold, Salvia, and pansy seedlings. Seedlings
grown under 85:15 and 70:30 red:blue LED light were more compact, with larger
stem diameter and higher chlorophyll content than plants cultivated under HPS
lamps (Randall and Lopez 2014). Analogous effects were obtained when New
Guinea impatiens, Geranium and Petunia, were propagated form cuttings under
red:blue LEDs (Currey and Lopez 2013).

Altering a light regime is a sound and non-polluting way to control
greenhouse-grown pot and bedding plants and is a promising technique of elimi-
nating the use of chemical plant growth regulators, which are now becoming less
available and more questioned by consumers (Bergstrand et al. 2016). A light
regime with 620 nm light given before the period of natural light and 525 nm light
given at the end of the day effectively controlled elongation in Calibrachoa and
Pelargonium (Bergstrand et al. 2016). End-of-day treatment with red and blue
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LEDs at a ratio of 80:20 inhibited shoot elongation in poinsettias (Islam et al.
2015), while supplementation of natural sunlight with a small portion of 660 nm
light significantly reduced plant height in Euphorbia, but not in Chrysanthemum
(Bergstrand et al. 2016).

Photoperiodic lighting (short, low-intensity lighting) is also used by commercial
crop producers to inhibit flowering of short-day plants and promote flowering of
long-day plants under a short natural light photoperiod (Mitchell et al. 2015).
Long-day photoperiods can be imitated by day extension or night interruption. The
spectral quality of photoperiodic lighting can differently affect flowering of short-day
plants and long-day plants differently (Meng and Runkle 2015). Night interruption
with the moderate to high red: far-red LED lights effectively inhibited flowering in
short-day Chrysanthemum (Craig and Runkle 2013; Liao et al. 2014) and promoted
flowering in long-day Petunia and snapdragon (Craig and Runkle 2012).
Photoperiodic lighting with blue LED light provided variable results. Night inter-
ruption with blue LEDs was not perceived as long-day signal by Petunia (Park et al.
2016), Rudbeckia, Chrysanthemum (Ho et al. 2012), Cosmos, Dahlia, and marigold
(Meng and Runkle 2015); however, a mixture of blue and red LEDs promoted
flowering of most long-day plants tested. Meng and Runkle (2016) state that pho-
toperiodic lighting with blue light might efficiently regulate flowering when applied in
higher intensities in Calibrachoa, Coreopsis, Petunia, Rudbeckia, and snapdragon.

The LED lighting parameters in ornamental plant cultivation seem to be even
more intricate than those in vegetable lighting. The distinct variety of ornamental
plant species, varieties, and cultivars, as well as different cultivation and lighting
practices, result in a large diversity of light spectrum effects, highlighting the need
for extended lighting research in commercial ornamental plant cultivation.

7.5 Conclusions

Innovative LED lighting systems add a completely new dimension to horticultural
plant production. With constant energy-efficiency and light distribution improve-
ments, light-emitting diodes are a promising alternative to current supplemental
lighting technologies. Yet, significant questions remain regarding how to optimize
spectral quality effects on plant growth, development, mineral nutrition, and
metabolism. Specific responses of plants to the LED spectrum may sometimes be
predictable based on published research, and the overall plant reaction is generally
difficult to foresee due to the complicated interaction of many different internal
responses (Hogewoning et al. 2010). Interactions among species, light intensity,
duration, and other environmental parameters hamper our ability to make broad
photobiological conclusions for many whole plant physiological responses.
Therefore, the field of LED lighting research seems inexhaustible. Moreover, it
encourages growers to take over the role of researchers and perform small-scale
R&D activities seeking to test and optimize LED lighting parameters for certain
plant varieties and specific cultivation technologies.
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Chapter 8
Light-Emitting Diodes (LEDs)
for Improved Nutritional Quality

Giedré Samuoliené, Ausra Brazaityté and Viktorija Vastakaité

8.1 Introduction

Plants are an important source of nutrition for humans. Among various environ-
mental factors, such as temperature, moisture and fertilisers, light is one of the key
factors in plant production. Light and photosynthesis, which is the main vital
process in plants, are intimately connected. However, only 4.6-6.0% of the total
incident solar radiation energy is utilised for plant photosynthesis (Long et al.
2006). It is now understood that light quality (the spectrum) and quantity [photo-
synthetically active photon flux density (PPFD)] regulate phytochemical compo-
sition and content, which affects nutritional and/or postharvest quality in many plant
species, especially leafy vegetables (Li and Kubota 2009; Stutte et al. 2009; Johkan
et al. 2010; Costa et al. 2013; Kopsell and Sams 2013; Samuoliené et al. 2013a, b;
Braidot et al. 2014; Chen et al. 2014; Kopsell et al. 2014).

Plants contain a wide variety of highly sensitive photoreceptors that perceive
even minor changes in light quality and, accordingly, modulate the photosynthetic
or photomorphogenetic responses. A series of studies have reported the specific
wavelength-mediated responses of particular receptors and described their physi-
ological functions through light-sensing systems. UV-B light is perceived using the
UVRS8 photoreceptor, which is linked to a specific molecular signalling pathway
and leads to UV-B acclimation (Tilbrook et al. 2013). UV-A and blue light pho-
toreceptors are known as cryptochromes, which modulate a number of biophysical
and biochemical changes, resulting in conformational changes to propagate light
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signals (Lin 2002; Liu et al. 2011; Wenke and Qichang 2012). According to Folta
and Maruhnich (2007), green light-mediated responses affect plant processes via
cryptochrome-dependent and cryptochrome-independent means. Generally, the
effects of green light oppose those of red- and blue-directed wavebands and
oftentimes are mediated by cryptochrome/phytochrome light-sensing systems
(Wang and Folta 2013). Blue and red lights absorbed by chlorophyll are responsible
for photosynthesis and metabolism of primary metabolites. Red and far-red lights
and its ratio are detected by phytochrome, in which the conversion from the inactive
to active form is of great importance for developmental and biochemical processes
occurring in plants (Carvalho et al. 2011b).

Lighting systems, such as high-intensity discharge lighting (high-pressure
sodium (HPS), metal halide and xenon lamps as well as fluorescent and incan-
descent lamps) are characterised by broad spectral power distribution, with limited
control over the emissions of UV or infrared radiation (Morrow 2008; Mitchell
et al. 2012; for more details, see Chap. 1). Such lighting is usually used as artificial
lighting in greenhouses, growth rooms or plant growth chambers. However, only
supplemental assimilation lighting is considered to be the most effective for plant
welfare. Several studies have reported improved quality of horticultural crops in
various aspects. For example, higher sugar and ascorbic acid concentrations in
tomato were found under supplemental light (Dorais and Gosselin 2002). Higher
light intensity especially that used in northern regions, improved fruit set, average
fruit weight and yield of sweet pepper (Heuvelink et al. 2006). On the other hand,
self-shading conditions that decrease light and inner zones of canopies can receive 4
times less light (Li and Yang 2015). All of these requirements can be combined and
solved using light-emitting diode (LED) lamps, which have unique advantages over
existing horticultural lighting. LED lamps have the ability to control spectral
composition and light intensity and offer the opportunity to select the most
favourable light spectra for photosynthetic and photomorphogenetic responses
(Morrow 2008; Samuolien¢ et al. 2012b; Koga et al. 2013; Brazaityté et al. 2015a).
Moreover, vertical distribution of LED light in the canopy can be used (Heuvelink
et al. 2006). In recent years, closed artificial lighting growth chambers or indoor
plant factory technologies have become popular across the globe, as it is believed
that these can improve the economy while solving issues of plant quality and
productivity as well as agricultural sustainability in densely populated areas.
However, there is an urgent need to determine the techno-economical feasibilities
of the production systems as well as to develop innovative and energy-saving
strategies for the operation of these systems. LEDs are an integral part of such
systems due to their economic efficiency. The most important findings of past
decades concerning LED illumination, which involve changes in internal quality
attributes of greenhouse vegetables subjected to light quality and quantity, are
discussed in this chapter.
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8.2 Phenolic Compounds

Nowadays, there is much interest in phenolic compounds as naturally occurring
secondary metabolites in horticultural plants. Phenolic components are being found
as complex mixtures in all vegetables and fruits, but the quantities of compounds
vary among parts of plants. Due to the ability to scavenge free radicals, flavonoids
and phenolic acids are important contributing factors to antioxidant activity. The
activity of antioxidants is determined as the reactivity to being hydrogen- or
electron-donating agents as well as the ability to stabilise the unpaired electron and
interact with other antioxidants (Rice-Evans et al. 1997). Phenolic compounds are
categorised into simple phenols, flavonoids, phenolic acids (hydroxybenzoic acids
and hydroxycinnamic acids), lignins and tannins by the number of constitutive
carbon atoms in conjugation with the structure of the basic phenolic skeleton. These
substances are responsible for colour, edible flavour, odour and antioxidant prop-
erties (Khanam et al. 2012).

The flavonoids constitute a large group of compounds, occurring as glycones,
although the most common forms are glycoside derivatives in plants (Agati et al.
2012; Khanam et al. 2012). Flavonoids are mostly located in the wall and the vacuole
of epidermal cells; in external surface organs (such as trichomes); in the chloroplast
envelope; and in the leaf interior, both in the palisade and spongy mesophyll cells, and
their distribution depends on sunlight irradiance to which the plants are subjected
(Agati et al. 2013). The flavonols are the most ubiquitous flavonoids in food, as they
are present in almost all vegetables. Khanam et al. (2012) reported that isoquercetin
(quercetin-3-glucoside) and rutin (quercetin-3-rutinoside) are the most common fla-
vonols found in leafy vegetables. Quercetin is found in collard greens, mustard, kale,
okra, sweet potato greens, purple hull peas, and purslane. Other flavonols, such as
kaempferol, are present in broccoli. The flavones are much less common than other
flavonoids in the human diet. The main sources of flavones are herbs, such as parsley
and celery. They exist mainly as glycosides of luteolin and apigenin. The isoflavones
are present in several legumes, but soybeans have been identified as the principal
dietary source for humans (Vauzour et al. 2012).

Several studies revealed that flavonoids have antioxidant functions in higher
plants that are challenged with a range of environmental stresses (Havaux and
Kloppstech 2001; Lillo et al. 2008; Agati et al. 2012). Stress conditions inactivate
antioxidant enzymes while up-regulating the biosynthesis of flavonols. Conversely,
an increase in the antioxidant enzyme activity upon UV-B radiation is negatively
correlated with flavonol production. The biosynthesis of antioxidative flavonoids is
enhanced by excess light (excitation energy) caused by the interaction of high light
intensity with other environmental conditions. The excess light is stressful to plants
and can reduce the activity of antioxidants in chloroplasts while up-regulating the
biosynthesis of flavonoids, even in the absence of UV irradiance (Agati et al. 2012).
Flavonols may protect plants more from long-term visible light-induced oxidative
damage in comparison with xanthophylls (Havaux and Kloppstech 2001). The
biosynthesis of quercetin glycosides and kaempferol increases under low or high
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light intensity (Lillo et al. 2008) and does not depend on solar wavelength pro-
portions in common spectra (Agati et al. 2012). In addition, quercetin-3-O- and
luteolin-7-O-glycosides accumulate in response to UV-B (Agati et al. 2011). The
quercetin derivatives may protect chloroplasts from the visible light-induced gen-
eration of 102 (Agati et al. 2007).

The anthocyanins (anthocyanin glycosides) are water-soluble flavonoids, which
are found in some vegetables, fruits or berries, and give them a pink, red, blue or
purple colour (Rice-Evans et al. 1996; Heim et al. 2002; Balasundram et al. 2006;
Vauzour et al. 2012). There are six anthocyanidins, which occur in plants the most
frequently: pelargonidin, cyanidin, peonidin, delphinidin, petunidin and malvidin.
The anthocyanins can be graded as antioxidants, as well as other phenolics, due to
ability to donate hydrogen to highly reactive radicals and prevent further radical
formation (Rice-Evans et al. 1996; Heim et al. 2002; Balasundram et al. 2006).
Most of the researches on anthocyanins have focussed on their photoinduction by
wavelengths in the UV, visible and far-red regions. The anthocyanin synthesis can
be triggered by the dark, and high level of UV-B radiation, probably via DNA
damage. Although photoinduction of anthocyanins has been demonstrated in both
the laboratory and the field, the actual photoreceptors responsible have not been
clearly identified. In early research, Lindoo and Caldwell (1978) theorised that
far-red and UV-B radiation (and therefore their photoreceptors) acted independently
on anthocyanin formation. Mohr et al. (1984) stated that the specific induction
wavelength of anthocyanins varies among species. The other studies suggested that
anthocyanin synthesis is induced by the UV-B photoreceptor, or some combination
of it with phytochrome and cryptochrome. However, the anthocyanin induction can
be development stage dependent and affected by environmental conditions such as
temperature (Chalker-Scott 1999).

The phenolic acids, as well as flavonoids, are widely available in the plant
kingdom and are produced from phenylalanine and tyrosine via the shikimic acid
pathway. These substances constitute about one-third of dietary phenols, which
may be presented in free and bound forms. Khanam et al. (2012) revealed that
hydroxybenzoic acids are the most abundant compounds in leafy vegetables.
Salicylic acid is the most prominent individual hydroxybenzoic acid in komatsuna,
followed by pak choi and red amaranth. Vanillic acid is the second-most abundant
hydroxybenzoic acid, and the highest concentrations in red and green amaranths
were determined. Syringic acid and gallic acid are also common in leafy vegetables,
with the highest amounts in komatsuna and green amaranth. Ellagic acid was
detected only in salad spinach. The most common hydroxycinnamic acids in leafy
vegetables are p-coumaric acid, ferulic acid and m-coumaric acid. Caffeic acid and
chlorogenic acid also have been observed in leafy vegetables, with the highest
concentrations in green amaranth. High amounts of sinapic acid were determined in
mizuna, pak choi and komatsuna (Khanam et al. 2012). Caffeic acid, chicoric acid
and chlorogenic acid are the main phenolic compounds in lettuce (Romani et al.
2002). Hydroxycinnamic acid derivatives have a molar extinction coefficient in the
290-320-nm spectral region and are much more effective than flavonoids, which
have a molar extinction coefficient beyond 350 nm, in absorbing the shortest solar
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wavelengths (Agati et al. 2012, 2013). It was shown that hydroxycinnamic acids
accumulate in shade-adapted plants but are absent in leaves exposed to full sunlight
(Tattini et al. 2000; Agati et al. 2002). The existence of flavonoids, hydroxybenzoic
acid and hydroxycinnamic acid in daily diets may enhance cellular antioxidant
defences and prolong healthy life (Carvalho et al. 2011a).

A measure of total antioxidant capacity helps to understand the functional
properties of vegetables and fruits (Shalaby and Shanab 2013). Several radical
scavenging capacity assays are widely used for rapid screening and evaluation of
novel antioxidant preparations using 2,2-diphenyl-1-picrylhydrazyl (DPPH) radi-
cals. The stable DPPH free radical, which has an unpaired valence electron at one
atom of the nitrogen bridge, is still highly utilised in hydrophilic and lipophilic
antioxidant research due to its simple reaction systems, which involve only the
direct reaction between the radical and the antioxidant, and has no other interfer-
ence, such as enzyme inhibition or presence of multiple radicals, although they are
not physiologically relevant (Cheng et al. 2006; Sharma and Bhat 2009).

The protective effects of flavonoids in biological systems are ascribed to their
capacity to transfer electron free radicals, chelate metal catalysts, activate antioxi-
dant enzymes, reduce a-tocopherol radicals and inhibit oxidases (Rice-Evans et al.
1996; Heim et al. 2002; Balasundram et al. 2006). It is known that high intake of
flavonoids helps to prevent heart diseases, cancer and neurodegradation (Vazour
et al. 2012).

Among artificial lighting systems, LEDs present the maximum photosyntheti-
cally active radiation efficiency (80—100%; Darko et al. 2014) which is used for
formation of various metabolic pathways, such as those involved in the synthesis of
phenolic compounds. Lee et al. (2016) revealed that the total phenolic contents
(TP) decreased with an increasing far-red PPFD in a ratio with red light in red-leaf
lettuce. It has also been reported that the effect of red light alone on TP is
species-dependent (Lee et al. 2014).

Red light led to increased TP in common buckwheat but, in contrast, decreased
TP in tartary buckwheat sprouts. Deep red light alone also acted positively in the
accumulation of TP in basil but negatively on parsley microgreens (Samuoliené
et al. 2016), and it had no effect on synthesis in Chinese kale sprouts (Qian et al.
2016) nor in Brassica microgreens (Brazaityté et al. 2016a). The optimal deep red
ratio with blue light of 90 and 10% was determined from growing Lamb’s lettuce
during a 2-year study (Wojciechowska et al. 2015). Red alone, as well as deep red,
affected the synthesis of TP in various green vegetables or sprouts. Samuoliené
et al. (2011b) demonstrated that red light stimulated TP synthesis in lentil, wheat
and radish seedlings in comparison with darkness. Depending upon plant species,
red light increased (Brazaityté et al. 2016b), decreased (Brazaityté et al. 2016a;
Samuolien¢ et al. 2016) or had no effect (Brazaityté et al. 2016a) on TP content in
microgreens. There is no doubt that red light can affect the synthesis of TP content
in combination with other light sources. Samuoliené et al. (2016) revealed that red
LEDs in combination with other (blue, red and far-red) or in combination with HPS
lights had positive effects on TP in basil microgreens during 3 days of treatment. In
addition, a similar trend in other microgreen species (Samuoliené et al. 2012a;
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Brazaityté et al. 2016b), romaine baby leaf lettuce (Samuoliené et al. 2012b),
red-leaf and light-green-leaf lettuce (Samuoliené et al. 2011b) or green-leaf lettuce
(Zukauskas et al. 2011) was determined. Other reports stated that light in orange—
yellow regions is also involved in accumulation of TP. During orange or yellow
treatment, TP increased in romaine baby leaf lettuce (Samuoliené et al. 2013b),
mustard and beet microgreens (Brazaityt¢ et al. 2016b), leafy radish sprouts
(Urbonaviciuté et al. 2009a, c; Samuoliené et al. 2011b), wheat leaves
Some of these results are similar to treatments with green LEDs. However, green
light that is supplemental to HPS light had negative effects on TP in romaine baby
leaf lettuce (Samuoliené et al. 2013b). Blue light alone increased TP in Chinese kale
sprouts up to 69% in comparison with darkness (Qian et al. 2016). It can be
assumed that photoinduction of blue light receptors (cryptochromes) is directly
linked to production of TP. Furthermore, an increased blue ratio in combination
with deep red led to higher accumulation of TP in lettuce in comparison with deep
red alone or small amounts of blue ratio treatments (Son and Oh 2013). Due to
common photoreceptors with blue light, UV-A also plays an important role in
polyphenol synthesis in parsley (Brazaityté et al. 2016b) and basil (Vastakaite et al.
2015a) microgreens, romaine baby leaf lettuce (Samuoliené et al. 2013b) and leafy
radish (Urbonavicitté et al. 2009a) (Table 8.1).

The increased PPFD level of far-red in combination with red light reduced total
anthocyanins (TA) in red-leaf baby and other lettuce (Li and Kubota 2009; Stutte
et al. 2009). However, phytochrome-dependent synthesis of TA (Li and Kubota
2009) varies among various horticultural plant species. Brazaityté et al. (2016a)
reported that deep red lighting alone increased the amount of TA in tatsoi micro-
greens, but, in the same growing conditions, deep red light alone decreased the
amount in mustard and had no effect on red pak choi microgreens. In addition, deep
red light alone increased TA in other green vegetables, such as Chinese kale sprouts
and red-leaf cabbage (Mizuno et al. 2011; Qian et al. 2016). A review of several
studies revealed that red light combined with HPS lamps had more positive effects
on anthocyanin synthesis in various green vegetable tissues in comparison with
only red light (Samuoliené et al. 2011a, 2012a; Brazaityté et al. 2013, 2016a). An
optimal PPFD level of deep red and red in combination with far-red and blue light
for stimulation of anthocyanin synthesis in Brassica microgreens at 300 pmol
m 2 s~! was determined (Samuoliené et al. 2013a). The effects of green light on TA
in green vegetables depend on green light wavelengths and plant species. A greater
increase of TA was achieved by combining different green light with other wave-
lengths of LEDs or HPS lamps. Green light in combination with HPS led to
significantly increased contents of TA in romaine baby leaf (Samuoliené et al.
2013b) and red-leaf lettuce (Samuoliené et al. 2012b). Moreover, there is evidence
that the synthesis of anthocyanins depends not only on plant variety but also on
seasonality. Samuoliené et al. (2012b) reported that the highest amount of TA under
supplemental green light to HPS was in red-leaf lettuce in November. In contrast,
the lowest amount of TA under the same light and seasonal conditions was mea-
sured in green-leaf lettuce in comparison with HPS lighting without green. Several
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reports revealed that the biosynthesis of phenolic compounds is linked to induction
of the blue light photoreceptor cryptochrome (Iwai et al. 2010). Seo et al. (2015)
found that blue light alone increased the content of TA in tartary buckwheat sprouts
in comparison with darkness or other light sources. In addition, blue light in
combination with high-intensity discharge lamps (fluorescent or HPS) or in com-
bination with other wavelength LEDs increased TA accumulation in baby leaf
lettuce (Li and Kubota 2009), red-leaf lettuce (Stutte et al. 2009), Chinese kale
sprouts (Qian et al. 2016), tatsoi (VaStakaité et al. 2015b) and other various plants.
The photoreceptors perceiving blue light react the same to UV-A, and some pos-
itive effects on anthocyanin synthesis in various microgreens (Brazaityté et al.
2015b, 2016b), baby leaf lettuce (Li and Kubota 2009) and pea seedlings (Wenke
and Qichang 2012) were also determined (Table 8.1).

The effects of various LED light treatments on individual phenolic compounds
were also observed. Deep red light in the amount of 50-70% in combination with
blue light increased the concentration of flavonoid glycosides and, in the amount of
90%, free flavonoids in Lamb’s lettuce (Dlugosz-Grochowska et al. 2016). The
deep red and blue ratio (7:3) increased the flavonol rutin, but the ratio had no impact
on quercetin synthesis in tartary buckwheat sprouts (Seo et al. 2015; Table 8.1).

Several studies revealed that synthesis of phenolic acids (PA) can be initiated by
wide spectra of LED wavelengths. The enrichment of far-red light to spectra can
increase chlorogenic and caffeic acid levels in lettuce (Lee et al. 2016); however,
this phenomenon depends on the far-red ratio in the lighting spectra.
Dhugosz-Grochowska et al. (2016) reported that deep red in combination with blue
(ratios 90R/10B, 50R/50B and 70R/30B) during different growing seasons initiated
accumulation of PA in Lamb’s lettuce tissues. Tartary buckwheat sprouts grown
under similar ratios of 70% red and 30% blue showed ability to synthesise
chlorogenic acid compared to dark conditions (Seo et al. 2015). It is known that
blue light is closely related to metabolic pathways of PA. Ouzounis et al. (2015)
demonstrated that blue light alone increased the concentration of chlorogenic acid
in red-leaf lettuce, but no significant impact on PA accumulation in green-leaf
lettuce was determined. In addition to these comprehensive studies, Iwai et al.
(2010) also reported that UV-A led to increased contents of PA, such as caffeic or
rosmarinic acids, in red perilla leaves (Table 8.1).

Both positive and negative effects on DPPH radical scavenging activity were
determined in studies related to antioxidant properties of various horticultural
plants. The antioxidant activity is typically related to secondary metabolites that
have antioxidant potential, such as phenols, and strongly depends on lighting
conditions, as well. The DPPH radical activity usually correlates with TP, but not in
all studies was this observed. Brazaityte et al. (2016a) demonstrated that deep red
decreased DPPH in tatsoi microgreens. As mentioned above, the same decrease of
TP in Brassica microgreens was measured. In addition, under deep red alone or
compared to other LED lights, an increase of DPPH in basil and parsley micro-
greens was determined (Samuoliené et al. 2016). Samuoliené¢ et al. (2012b)
demonstrated that antioxidant activity varied between romaine and curly baby leaf
lettuce grown under supplemental short-term red lighting in three growing seasons,
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mostly following similar trends as TP. A highly increased antioxidant activity at
PPFD levels of 440-545 umol m 2 s™! in various species of microgreens was
determined, in contrast to 110-220 pmol m 2 s ! PPED (Samuoliené et al. 2013a;
Virsilé and Sirtautas 2013; Table 8.1).

8.3 Carotenoids

Carotenoids are lipophilic isoprenoid and are broadly presented in fruits and veg-
etables (Botella-Pavia and Rodriguez-Concepcion 2006; Kopsell and Kopsell 2006;
Maiani et al. 2009; Cuttriss et al. 2011; Flores-Perez and Rodriguez-Concepcion
2012). According to various sources in the literature, 500-700 carotenoids have
been known in nature. People regularly uses 40 of them (Stahl and Sies 2005;
Kopsell and Kopsell 2006). Generally, carotenoids have such functions as free
radical scavenging, improving the immune response, repressing cancer develop-
ment and defending eye tissues. o-Carotene (AC), PB-carotene (BC) and
B-cryptoxanthin, lycopene are mostly related to decrease of cardiovascular diseases.
Zeaxanthin (ZEA) and lutein (LU) protect eyes from light-induced damage.
(Botella-Pavia and Rodriguez-Concepcion 2006; Kopsell and Kopsell 2006). In
plants, carotenoids are light-harvesting pigments in chloroplasts and protect plants
from photo-oxidative damage (Botella-Pavia and Rodriguez-Concepcion 2006;
Lefsrud et al. 2007; Cuttriss et al. 2011). Generally, carotenoids are characterised by
such functions as free radical scavenging, enhancing the immune response, sup-
pressing cancer development and protecting eye tissues, but individual carotenoids
differ in their protective roles. o-Carotene (AC), p-carotene (BC) and
B-cryptoxanthin, which are provitamin A carotenoids, are mostly associated with
cardiovascular disease reduction. Zeaxanthin (ZEA) and lutein (LU) are compo-
nents of the macular pigment in the eye and protect the macula from light-induced
damage. Lycopene prevents cardiovascular diseases and prostate cancer
(Botella-Pavia and Rodriguez-Concepcion 2006; Kopsell and Kopsell 2006). In
plants, carotenoids are light-harvesting pigments in chloroplasts and are important
in the protection of plants against photo-oxidative damage (Botella-Pavia and
Rodriguez-Concepcion 2006; Lefsrud et al. 2007; Cuttriss et al. 2011). Generally,
carotenoids protect plants from photo-oxidative damage through thermal dissipation
by means of the xanthophyll cycle (converting violaxanthin (VIO) to ZEA) (Stange
and Flores 2012). Chlorophyll molecules, in addition to their participation in
photosynthesis, are the precursors of tocopherols (Zhang et al. 2015a, b), which are
also distinguished by antioxidant properties. The changes of mentioned compounds
accumulation depend on the environmental conditions during growth and show
different results for different plant species (Kopsell and Kopsell 2006). Since car-
otenoids are closely related to photosynthesis, the most important factors
influencing carotenoid content changes are light quality and quantity. Properly
chosen light spectra and intensity, which, with current technology of LEDs, allows
the possibility to use specific light wavelengths in the range from ultraviolet to
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infrared, can lead to higher carotenoid content in vegetables grown in greenhouses
and indoors (Tamulaitis et al. 2005; Morrow 2008). Many scientific experiments
regarding effects of light spectra on carotenoid content changes associated with
blue, red and their combinations as well as supplementation of other lamp spectra
using LED illumination of these wavelengths have been performed. It is known that
chlorophylls and carotenoids have high light absorption at 400-500 and at 630—
680 nm (Lin et al. 2013). In addition, the absorption peaks of various carotenoids
differ: LU absorbs at 448 nm, BC at 454 nm and, generally, xanthophylls (XA) at
446 nm (Lefsrud et al. 2008; Li and Kubota 2009). However, some researchers
determined two peaks of maximum LU and BC in kale at 440 and 640 nm, which
closely conform to the action spectrum previously reported for wheat (Ogawa et al.
1973; Lefsrud et al. 2008). Although the literature data show that carotenoid
concentrations increased under blue light, treatments by Lefsrud et al. (2008)
showed that red light and its ratio with blue light is important for changes in
carotenoid accumulation. The relatively low number of treatments concerning red
and blue LED lighting and their ratio showed that impact of these light spectra on
carotenoid content was contradictory and depended on plant species. Some authors
reported that the concentrations of TC were enhanced in seedlings of non-heading
Chinese cabbage and red-leaf lettuce under blue LEDs compared to FL, red-blue
and red LED lighting (Johkan et al. 2010; Li et al. 2012). Monochromatic blue light
also affected composition of carotenoids. Short-duration exposure to blue light
increased BC and VIO Ievels in broccoli microgreens compared to red—blue LEDs
(Kopsell and Sams 2013), increased BC in pea seedlings compared to darkness (Wu
et al. 2007) and increased ZEA in sprouts of tartary buckwheat compared to white
LEDs. Furthermore, Zhang et al. (2015a, b) reported that blue LED light was
effective at inducing accumulation of carotenoids, such as BC, B-cryptoxanthin, all-
trans-violaxanthin, AC and LU, in the juice sacs of Satsuma mandarin and Valencia
orange. However, blue LED treatment did not affect concentrations of LU, ZEA and
neoxanthin (NEO) in broccoli microgreen tissues compared to red-blue LEDs
(Kopsell and Sams 2013) nor did it affect TC in red- and green-leaf lettuce com-
pared to FL (Johkan et al. 2010; Chen et al. 2014). Other authors reported that
monochromatic blue LEDs caused decreases of BC, LU and TC in sprouts of tartary
buckwheat and non-heading red cabbage compared to white LEDs (Matioc-Precup
and Cachita-Cosma 2013; Tuan et al. 2013) as well as a decrease of TC in Chinese
cabbage compared to plants grown under a dysprosium lamp (Fan et al. 2013;
Table 8.1).

Some experiments regarding effects of monochromatic red LED light on car-
otenoid content and composition showed different responses by various plants. Wu
et al. (2007) showed that leaves of pea seedlings irradiated with red LED light for
96 h presented a significant increase in BC concentration compared to blue and
white LED illumination, but no significant difference of BC content was observed
in stems of such seedlings. Tuan et al. (2013) reported an increase of ZEA in
sprouts of tartary buckwheat under red LEDs, but a decreased content of BC, LU
and TC was found. Monochromatic red LED illumination also resulted in lower
carotenoid content in non-heading red cabbage, Chinese cabbage and red-leaf
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lettuce, and no significant differences were observed in TC in leaves of green- and
red-leaf lettuce (Johkan et al. 2010; Li et al. 2012; Fan et al. 2013; Matioc-Precup
and Cachitd-Cosma 2013). Short-term red only LED pre-harvest illumination, when
plants are not be able to absorb the light of other parts of the spectrum, resulted in
an increase of TC in Brassica microgreens, with the exceptions of LU in mustard
and BC in tatsoi under red light (Brazaityté¢ et al. 2016a). Such illumination
increased BC and decreased LU in parsley microgreens, but these carotenoids
decreased in basil microgreens (Samuolien¢ et al. 2016; Table 8.1).

Literature data show that mixed red—blue LEDs have no effect on TC in lettuce
(Urbonaviciiité et al. 2007; Johkan et al. 2010; Lin et al. 2013; Chen et al. 2014)
and Chinese cabbage seedlings (Avercheva et al. 2009; Li et al. 2012; Fan et al.
2013) compared to FL. or HPS. However, some authors reported that carotenoid
contents in lettuce and Chinese cabbage seedlings were higher compared to
monochromatic red and blue LED illumination (Fan et al. 2013; Chen et al. 2014).
Kopsell et al. (2014, 2016) reported a slight importance of red and blue light ratios
on carotenoid content. Increasing the percentage of blue light among the LED light
treatments did not result in higher carotenoid accumulation in kale and broccoli
microgreen tissues. However, red—blue LED light treatments resulted in much
higher carotenoid concentrations compared to the fluorescent/incandescent light
treatment.

Most studies using red and blue LEDs and their combination were performed
without supplemental broad-spectrum irradiation (Johkan et al. 2010; Li et al. 2012;
Kopsell and Sams 2013; Chen et al. 2014; Kopsell et al. 2014). Although red and
blue LEDs have a great influence on photosynthesis, plants in nature are adapted to
utilise a wide spectrum of light to control various physiological processes. Several
studies involved mixed lights of FL. or HPS lamps with LEDs, but only a few were
related to effects on carotenoid contents in leafy vegetables. Chen et al. (2014)
reported that carotenoid contents of green-leaf lettuce irradiated with FL plus red or
blue LEDs were significantly increased compared to FL. Furthermore, they detected
more carotenoid contents under blue than under red light. However, among mixed
light treatments, carotenoid accumulations appeared to be the highest under FL and
red LEDs, followed by FL lamps and blue LEDs and then red—blue LED illumi-
nation; the authors also stated that the remaining portion of the spectrum besides
blue and red, which are known as the absorption spectra of carotenoids, might also
have effects on the induction of pigment enhancement. However, Li and Cubota
(2009) reported contradictory results with red-leaf baby lettuce. Carotenoid con-
centrations (xanthophylls and BC) increased by 6-8% with supplemental blue LED
light, but no effects with supplemental red LED light were found. The highest
carotenoid content was obtained under a white—red LED illumination treatment and
was 49% higher compared to white LEDs; on the other hand, there were no sig-
nificant differences between white—-blue and white-red LEDs (Chen et al. 2016).
Lin et al. (2013) stated that white—red—blue LEDs had no effect on carotenoid
content in Boston lettuce compared to red—blue LED and FL light. Blue LED light
supplemental to HPS lamps resulted in a decrease of AC and BC in romaine baby
leaf lettuce (Samuoliené et al. 2013b). Short-term high-PPFD red LED light
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supplemental to HPS lamps caused a significant decrease in BC content in such
lettuce and had no significant effect on o-carotene accumulation; increased AC
content in green-leaf lettuce (‘Lolo Bionda’ and ‘Grand Rapids’) but reversed
effects were found (Zukauskas et al. 2011; Samuoliené et al. 2013b). Furthermore,
such treatment led to increased LU and BC in basil microgreens but had no effect
on parsley (Samuoliené et al. 2016; Table 8.1).

The majority of overview-type studies examined only a few selected light
qualities, and there are some reports examining the effects of different monochromic
light, such as green, yellow or orange, which have various functions in driving
physiological process despite the fact that chlorophylls and carotenoids have low
light absorption at 530-610-nm light. However, plant responses to monochromic
light and their interaction with other spectral compositions showed contradictory
results (Li and Kubota 2009; Lin et al. 2013; Chen et al. 2016). In the literature, the
most examined are green light effects on plants. Green light penetrates into plant
canopies better than red and blue light, and green light may promote growth and
increased content of bioactive compounds in various plants (Kim et al. 2004; Bouly
et al. 2007; Folta and Maruhnich 2007; Johkan et al. 2010; Samuoliené et al.
2013b). However, monochromatic green LED light caused a decrease of TC content
in Chinese and red cabbage compared to other light sources (Fan et al. 2013;
Matioc-Precup and Cachitd-Cosma 2013). Green LED light in combination with
other light sources, such as white LED and blue-red—far-red LED illumination,
decreased TC content in lettuce, red pak choi and tatsoi microgreens but increased it
in mustard (Brazaityté et al. 2015a). Furthermore, green light influences changes in
carotenoid composition. Supplemental green light decreased VIO content in mus-
tard but increased contents of other carotenoids. In contrast, this illumination
increased VIO content in tatsoi. In red pak choi, supplemental green light caused an
increase of xanthophyll-cycle carotenoids, such as VIO and NEO (Brazaityté et al.
2015a). Monochromatic green light caused some decreases of LU and BC in kale
(Lefsrud et al. 2008); in combination with fluorescence lamps, this light had no
effect on xanthophylls and BC in red baby leaf lettuce (Li and Kubota 2009), and in
combination with HPS lamps and with blue-red—far-red illumination, this light
increased BC in green baby leaf lettuce (Samuoliené et al. 2013b; Table 8.1).

Dougher and Bugbee (2001) showed that yellow light from 580- to 600-nm
suppressed chlorophyll or chloroplast formation in lettuce, thus inhibiting lettuce
growth. According to literature data, monochromatic yellow LED light results in a
decrease of TC in Chinese and red cabbage compared to that using a dysprosium
lamp and red-blue or natural light (Fan et al. 2013; Matioc-Precup and Cachita-
Cosma 2013). Chen et al. (2016) reported that carotenoid contents in lettuce were
significantly inhibited by yellow light supplemental to white LEDs. Similar results
were obtained in red pak choi microgreens under yellow LED light supplemental to
standard illumination of blue, red and far-red LEDs (Brazaityté et al. 2015a).
However, such illumination increased TC in mustard and tatsoi microgreens.



8 Light-Emitting Diodes (LEDs) for Improved Nutritional Quality 177

Furthermore, yellow light supplemental to blue, red and far-red illumination had an
influence on carotenoid composition, with such effects depending on microgreen
species. All studied carotenoids increased in mustard, but only VIO increased in
tatsoi. However, almost all studied carotenoid contents decreased in red pak choi
(Brazaityté et al. 2015a). Supplemental yellow light had no effect on AC and BC
content in romaine lettuce leaves (Samuoliené et al. 2013b). Similar effects on
above-mentioned carotenoids were determined in lettuce and Brassica microgreens
under orange light supplemental to blue, red and far-red illumination (Samuoliené
et al. 2013b; Brazaityté et al. 2015a; Table 8.1).

Far-red light reverses the status of phytochrome and is important with respect to
changes in gene expression, plant architecture and reproductive responses (Yeh and
Chung 2009). Monochromatic and supplemental far-red LED to FL, to white LEDs
and to blue-red—far-red LEDs decreased contents of various carotenoids in kale,
baby lettuce, lettuce and mustard microgreens (Lefsrud et al. 2008; Li and Kubota
2009; Brazaityté et al. 2015a). However, red pak choi and tatsoi microgreens
accumulated higher contents of various carotenoids under blue-red—far-red LEDs
(Brazaityté et al. 2015a).

Supplemental UV-A radiation to FL had no effect on xanthophylls and BC in red
baby leaf lettuce (Li and Kubota 2009); in combination with blue-red—far-red LED
illumination, UV-A increased AC in green baby lettuce (Samuoliené et al. 2013b)
as well as LU and BC in Brassica microgreens (Brazaityté et al. 2015¢).

Irradiance dosage is not only important in regulating photosynthetic processes,
but it also plays an important role in the metabolism of secondary plant compounds,
such as carotenoids. However, limited research is available on the impact of irra-
diance dosage concerning LED illumination in a controlled environment.
Applications of 300-400 pmol m > s™! irradiance levels from LED illumination
resulted in notable increases of carotenoid concentrations in Brassica microgreens
and Chinese cabbage (Avercheva et al. 2014; Brazaityté et al. 2015a). However,
some data concerning irradiance level treatments using FL and incandescent lamps
showed that the carotenoid concentration increased from 125 to 300 pmol m 2 s
in kale, spinach and mustard, but above these irradiance levels, the carotenoid
contents started to decrease (Lefsrud et al. 2006; Kopsell et al. 2012). Increased
carotenoid accumulation is very important for reducing stress caused by high
irradiance, but such irradiance also could decrease carotenoid concentrations due to
photodegradation of the pigment molecules under such irradiance (Demmig-Adams
et al. 1996; Lefsrud et al. 2006; Lee et al. 2007a, b; Table 8.1).

An overview of data demonstrated effective manipulation of carotenoid contents
in plants by various spectra and irradiance levels, but effects were
species-dependent. However, only a few studies examined changes in individual
carotenoids, such as AC, BC, LU and ZEA, in different light conditions. These
carotenoids are important for human health, and investigations into increasing their
content using manipulation of lighting could be carried out more in the future.
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8.4 Tocopherols

Tocopherols are a mixture of four (a-, B-, v- and 3-) homologues. These lipophilic
antioxidants play an important role in efficient scavenging of singlet oxygen, pro-
tecting lipid damage against photo-oxidative stress (Yadav et al. 2013).
Tocopherols also play an important role in adaptation to low temperature and are
essential for preventing non-enzymatic lipid oxidation during seed germination and
dormancy (DellaPenna and Maeda 2007). Structural analyses show that molecules
having vitamin E antioxidant activity include four tocopherol and four tocotrienol
homologues (Schneider 2005). Tocopherols are synthesised in plastids, where
chlorophyll synthase catalyses the final step in chlorophyll biosynthesis, followed
by the prenylation of homogentisate with phytyl diphosphate, catalysed by
homogentisate phytyl transferase (Zhang et al. 2015a, b). Vitamin E is one of the
most light-sensitive vitamins. o-Tocopherol (a-T) has strong vitamin E activity in
human cells, while B-, y- and §-tocopherol (-, v- and 8-T, respectively) are dis-
tinguished by strong antioxidant activity in plants. In addition, the composition of
tocopherols depends on tissue type, as o-T is predominant in leaves (Abbasi et al.
2007), while y-T is typically present in dicot seeds (Grusak and DellaPenna 1999).
The antioxidant activity of tocopherols is determined by the amount of methyl
groups attached to the phenolic ring of the polar head structure (Voll and Abbasi
2007). Therefore, o-T is the most efficient, and its single molecule can neutralise up
to 120 singlet oxygen molecules (Wu and Tang 2004). One of the most important
functions of tocopherols in biological membranes is that they act as recyclable
chain reaction terminators of polyunsaturated fatty acid free radicals generated by
lipid oxidation (Schneider 2005). On the other hand, tocopherols can be distin-
guished by non-antioxidant functions, such as modulation of membrane fluidity,
stabilisation of membrane structure, participation in photosystem II protection,
protection of membranes against deleterious effects and inhibition of cell prolifer-
ation (Voll and Abbasi 2007). Moreover, plants are almost the lone (aside from
cyanobacteria) source of tocopherols.

The contents of particular nutrients are mainly determined genetically, and their
metabolism might be controlled or changed, manipulating various environmental
factors and horticultural growth strategies. There are literature data regarding
improvement of nutritional quality by plant breeding (Mou 2009) or biotechnology
(Lee et al. 2007a, b) but not much about the response of secondary metabolites to
light spectra or intensity. Tocopherols are not directly associated with light reac-
tions, but tocopherols quite easily accept light-driven manipulations, as their
metabolic pathways are related to photosynthetic pigments (Stange and Flores
2012). The action of light spectral components is usually complex and often is
reported with mixed results. Liu et al. (2008) noticed that combinations of
antioxidant properties among tocopherols, ascorbic acid, lycopene and B-carotene
are capable of producing synergistic antioxidant effects and may result in enhanced
antioxidant effectiveness of natural antioxidants. The total vitamin E content in red
and blue LED-irradiated barley decreased to 65%, and no difference was found in
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red LED-irradiated plants compared to natural light (Koga et al. 2013). It was
significant that y-T in red LED-irradiated barley was 50% greater compared to other
light treatments, and this was explained by the fact that red radiation suppressed the
activity of y-T methyltransferase, which is a synthetic enzyme catalysing the
conversion from y-T to o-T. Kokalj et al. (2016) found that yellow LED light had
positive effects on o-T accumulation in apple and bell pepper fruit. Our studies
generally showed that the photoresponse of tocopherols is controlled by light dose
and spectrum reactions and moreover is species-dependent. Increased o-T con-
centrations were observed under lower (110-220 pmol m 2 s~ ') LED light inten-
sities in mustard, red pak choi, tatsoi and kohlrabi microgreens compared to
545 pmol m ™2 s~ ! (Samuoliené et al. 2013a), and increased red light dosage con-
ditioned an increase of o-T in basil but not in parsley (Samuoliené et al. 2016).
Greater accumulation of o-T was found under higher UV-A irradiation in basil, beet
and pak choi (Brazaityté et al. 2015b). The inconsistent results were obtained with
supplemental green and blue LEDs with HPS lighting. Generally, more positive
effects on tocopherol accumulation were observed by supplemental green light
compared to supplemental blue light and depended on lettuce variety and season
(Samuoliené et al. 2012c; Table 8.1). Koga et al. (2013) suggested that the visible
decrease of tocopherols might be due to the suppression by blue light radiation of
the activity of homogentisate phytyl transferase, an enzyme that controls the total
amount of tocopherols. Although tocopherols do not directly participate in light
reactions, it is clear that there is strong interaction between photoreceptor activation
and antioxidant response via an enzymatic pathway.

8.5 Ascorbic Acid

Ascorbic acid (AA) is a compound that inhibits the action of reactive oxygen
species, preventing oxidative damage of cells (Pastori et al. 2003; Du et al. 2012).
AA acts as a key component in the expression of photonic energy dissipation
mechanisms, such as the xanthophyll cycle (Yabuta et al. 2007). As it is known, the
uptake of phytochemicals through the consumption of plant tissues is more effective
than intake through artificial supplements. Therefore, fruits with higher AA con-
tents might be of great importance in a healthy diet. Moreover, there is evidence
that AA participates in photoprotective defence against reactive oxygen species
(Darko et al. 2014). The effects of LED light quality, intensity and photoperiod on
nutrient accumulation in various vegetables were reviewed recently (Bian et al.
2015; D’Souza et al. 2015). In general, research has shown that various LED light
treatments result in the accumulation of AA in various seeds (Samuoliené et al.
2011b; Wenke and Qichang 2012), different varieties of microgreens (Samuoliené
et al. 2011a, 2012a, 2016; Bliznikas et al. 2012; Brazaityté et al. 2015a, b, c), baby
leaf lettuce (Li and Kubota 2009), different varieties of lettuce (Shen et al. 2014),
tomato (Verkerke et al. 2015; Kokalj et al. 2016), Chinese cabbage (Avercheva
et al. 2014) and other plants. For better understanding of the photophysiological and



180 G. Samuoliené et al.

biological responses to different parameters of light, improvement strategies,
through photosynthetic and photomorphogenetic light receptors can be developed
(Franklin and Whitelam 2004; Hogewoning et al. 2010). Mou (2009) stated that
nutrient contents of vegetables are first determined by genetic differences but can be
modified by environmental influences or horticultural type and/or by interaction of
all these components. Moreover, the minor constituents (such as vitamins) are
found in the microgramme range in plants; thus, the most feasible quantitative
changes might be done. According to Grusak (2002), at the genetic level, minimal
diversion of precursors and only limited modifications in a plant’s ability to store or
sequester the target phytochemical is needed. However, the exact physiological
mechanisms of how nutritional content, especially of metabolites that are not direct
receptors of light, is enhanced through light are not fully understood.

Smirnoff et al. (2013) suggested that ascorbate accumulation is controlled by a
complex interplay between cryptochrome, photosynthesis and end product repres-
sion. The first committed step in ascorbate biosynthesis from GDP-mannose is
catalysed by GDP-L-galactose phosphorylase, encoded by VTC2 and VTCS.
Authors found that VTC2 and VTCS reporter protein expression was blue light
intensity-dependent and was rapidly repressed by exogenous ascorbate and its
precursor, L-galactose. The reduction of AA in plant tissues was observed with
respect to declining light intensity in spinach, tomato, lettuce, sweet pepper and
strawberry (Gruda 2005). Arabidopsis thaliana leaves accumulated ascorbate in a
light dose-dependent manner; this response was consistent with AA functions in
photoprotection of photosynthesis (Smirnoff et al. 2013). Gautier et al. (2009)
found that tomato fruit irradiance had an impact on AA metabolism, whereas leaf
irradiance had an impact on photosynthesis and sugar transport to the fruits. Thus,
the mentioned findings are in agreement with those of Rosales et al. (2011), who
stated that accumulation of ascorbate might be enhanced by light quantity through
the stimulation of secondary metabolism. Increased red light doses resulted in an
accumulation of AA in basil but had no effect on parsley microgreens (Samuoliené
et al. 2016). Verkerke et al. (2015) found that vitamin C concentrations of different
tomato cultivars increased with increasing intensity of red and blue LEDs (140, 200
and 285 pmol m ™2 s™'); moreover, the oxygen radical absorbance capacity also
increased. The opposite results were found in red pak choi and tatsoi microgreens,
in which the lowest (110 pmol m > s~") PPFD level resulted in about 3.8 times
higher AA concentrations than under 220 pmol m ™ s~ ' LED light; however, the
AA accumulations in mustard and kohlrabi were not significantly affected
(Samuoliené et al. 2013b; Table 8.1). Despite ascorbate not being involved in the
photoprotection mechanisms caused by high light stress (Page et al. 2012), the
variation in the accumulation of AA suggests that there are complex relationships
among the effects of light stress and genetic, developmental and metabolic signal
transduction pathways (Solfanelli et al. 2000).

Braidot et al. (2014) found no significant difference between control and pulsed
warm white LED light treatments for ascorbate in lamb’s lettuce. It was demon-
strated that lamb’s lettuce plants under low-intensity light treatments during cold
storage were able to promote photosynthesis but, at the same time, induced
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photodamage. In contrast, under intermittent low-intensity light cycles, the meta-
bolism of the green tissues was still able to provide carbon moieties for the syn-
thesis of bioactive molecules involved in delaying senescence. In addition, the
variation of AA concentration was affected by lighting conditions, depending on the
species. Almost no difference was found in wheatgrass and barley grass, whereas
flashing low-frequency light (596 nm; 2.9 Hz) resulted in a significant decrease in
vitamin C concentration in radish sprouts (Urbonavicitité et al. 2009c; Table 8.1).
Such behaviour can be attributed to light-induced stress, which stimulates the
activity of antioxidants, mostly due to natural defence mechanisms against
photo-oxidative damage (Wu et al. 2007), and the response sensitivity to the light
conditions might depend on the natural level of ascorbate in different plant species.

The lighting spectral range of LEDs is available from near UV to near infrared
(Morrow 2008). Thus, lighting spectra can be selected according to specific
requirements to obtain particular results. Wenke and Qichang (2012) described the
participation of AA in protection systems against various stress factors, including
UV-A. In general, UV-A irradiation had uneven effects on AA accumulations in
various plants. An increase of antioxidant compounds, including AA, was observed
under a low level of UV-A (Helsper et al. 2003). A significant increase of AA
concentration was observed in sprouted lentil, radish and wheat seeds (Samuoliené
et al. 2011b) and in winter wheat (Urbonaviciiité et al. 2009a) grown under sup-
plemental UV-A (about 4% of total PPFD). The supplemental UV-A light at a
higher irradiance level (4% of total PPFD) had a harmful effect on the AA accu-
mulation in basil and beet but induced its accumulation in pak choi. On the other
hand, longer UV-A wavelengths resulted in an increase of AA concentrations in
many cases (Brazaityté et al. 2015b). Other authors did not find any impact of
UV-A light on AA accumulation (Li and Kubota 2009; Wenke and Qichang 2012;
Table 8.1).

Hogewoning and Harbinson (2007) suggested that blue light responses can be
opposed by green light action and like in many cases, plant response depends on the
irradiation level. Both blue and green light responses are cryptochrome-dependent
(Zhang et al. 2011). Positive effects of supplemental green and blue light on AA
accumulation were found in green baby leaf lettuce (Samuoliené et al. 2012b),
sprouted lentil, radish and wheat seeds (Samuoliené et al. 2011b) as well as in some
winter wheat varieties (Urbonaviciiité et al. 2009a), but no positive effects on AA
accumulation in red baby leaf lettuce (Li and Kubota 2009) nor in romaine lettuce
(Samuoliené et al. 2013b) were found. Such unequal effects might be related to the
dosage of blue (Hogewoning et al. 2010) and/or green (Folta and Maruhnich 2007)
light, since in most cases positive effects on AA accumulation were achieved when
these components were up to 50% of total PPFD (Table 8.1). On the other hand, an
altered AA concentration may act as a primary ‘cross talk’ signal, coordinating the
activity of antioxidant system defence mechanisms (Pastori et al. 2003), or may act
as a key component involved in excess photonic energy in the xanthophyll cycle
(Yabuta et al. 2007).
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Red light treatment did not result in accumulation of AA in lettuce, spinach,
komatsuna, tatsoi, beet or parsley (Ohashi-Kaneko et al. 2007; Li and Kubota 2009;
Samuoliené et al. 2012a, b), whereas significant interactions among lettuce vari-
eties, lighting treatment, season or their combination for AA were found
(Samuoliené et al. 2012c). Positive effects of high-intensity red LED light on AA
accumulation were found in amaranth, basil, kale, broccoli, mustard, borage and
pea (Samuolien¢ et al. 2012a; Table 8.1). Ma et al. (2014) noticed that red LED
light induced AA accumulation in broccoli compared to blue LED or dark treat-
ments. It was suggested that modulation of AA reduction by a modified white LED
light treatment was highly regulated at the transcriptional level. The up-regulation
of the AA biosynthetic genes (BO-VTC2 and BO-GLDH) and AA regeneration
genes (BO-MDARI and BO-MDAR?2) contributed to a higher AA content in plants
of the modified white LED light treatment during the first and second days after
harvest (Ma et al. 2014).

Such results indicate that light effects on AA accumulation may be species- or
even variety-dependent. In addition, AA biosynthesis also may be under the control
of carbohydrate pools, as conversion of glucose to AA occurs via hexoses (Smirnoff
and Wheeler 2000). Furthermore, the combination of light spectra and/or intensity
with other unfavourable environmental conditions may accelerate reactive oxygen
species production, and photo-oxidative damage can occur.

8.6 Conclusions

An overview of the research has shown that the flexibility in selecting LED light
parameters is useful for finding the optimal or stressful light conditions that induce
enhanced accumulation of plant metabolites and improve nutritional quality of
various plants, especially vegetables. Moreover, LED-based technology is also
useful for better understanding of the photophysiological responses caused by
different light parameters. The most overarching lighting strategies concerning
nutritional quality of various vegetables are based on red and blue LED illumina-
tion. However, a number of studies have shown that other wavelengths of LEDs,
such UV-A, far-red or green, could be applied in combination with LEDs for
improving nutritional quality of vegetables. Generally, while some supplemental
wavelengths of LEDs caused positive effects on improvement of nutritional quality,
others resulted in a decreased content of one or multiple phytochemicals, which
have health-promoting properties. Furthermore, plant reactions to changes of light
spectra were species- and/or cultivar-dependent. On the other hand, investigations
were carried out with different photoperiod, temperature, fertility, etc., conditions,
which also could lead to changes in the contents of bioactive compounds. This
indicates that although it is known that some processes concerning changes of
phytochemical contents in plants are dependent upon light quality and quantity,
in-depth explanations of the physiological, biochemical and molecular mechanisms
of these processes are still lacking. In conclusion, it is still difficult to define the
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common patterns in various plants, and further investigation is necessary con-
cerning the effects of LEDs and their large-scale applications in controlled envi-
ronments for producing vegetables with high nutritional quality.
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Chapter 9

Light-Emitting Diodes in Postharvest
Quality Preservation and Microbiological
Food Safety

Craig D’Souza, Hyun-Gyun Yuk, Gek Hoon Khoo and Weibiao Zhou

9.1 Introduction

Light-emitting diodes (LEDs) may be correctly described as being ‘ubiquitous’
nowadays, yet one may not be fully conscious of the extent of its presence and
function in the food industry. Previous chapters of this book have already discussed
their relevance in floriculture, horticulture, in vitro plant morphogenesis, in pre-
venting insect infestation, and in food production applications. LEDs have also
been recognized as containing characteristics that render it suitable for various
niche applications such as in space agriculture, high-technology farming, aqua-
culture, and other forms of food production (Yeh et al. 2015). The subsequent
stages to food production, to describe it succinctly, encompass the storage, distri-
bution, and consumption of nutritious and safe food. It is counterproductive to
neglect the quality of food during these postharvest stages as it would ultimately
lead to unwanted food losses or deterioration of value along the supply chain. As
much as one-third of the world’s produced food is wasted, with a significant pro-
portion being lost during the postharvest stages (FAO 2011). In developing
countries, the main reasons include the lack of technological infrastructure and
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facilities to further process food or to allow for an efficient cold-chain system. In
industrialized nations, excess food produced is eventually not consumed and is
instead disposed of. Unsafe food caused by poor handling or hygiene standards may
also result in food wastage; hence, there still exists a pressing need to develop
technologies that extend the shelf life of foods while keeping them safe for con-
sumption (FAO 2011). This chapter aims to address these problems, in reference to
the opportunities that LEDs offer.

It is an intuitive notion that light is necessary for healthy plant growth, hence
light is intimately associated with the idea of food production. Yet it is not readily
apparent how light is involved in other aspects of the food supply chain. In recent
years, the importance of light in retaining the postharvest status in certain foods,
particularly in leafy vegetables, has been increasingly receiving the attention of
researchers. It has been known for long that light is able to mitigate senescence in
growing plants, and that different quality of light was able to result in varying
nutritional quality of foods (Noodén and Schneider 2004). Since there is still
residual biological activity during the postharvest stage, light can still have a similar
biological effect and therefore reduce the degradation of the food quality through
senescence, or through nutrient loss (Zhan et al. 2012b). Furthermore, light is an
integral component of photodynamic inactivation (PDI), a phenomenon which
causes microbial inactivation through a combination of light, a photosensitizing
agent, and oxygen (Luksiene and Brovko 2013). A major advantage of this tech-
nique is that it is considered nonthermal due to the small increase in temperature to
the system being treated, compared to traditional thermal methods. As such, the
technique is a possible means of treating heat-sensitive food products such as
minimally processed fruits and vegetables, or even various food surfaces. The
technique is also promising as an alternative novel method to deal with the pro-
liferation of antibiotic resistance in pathogens (Hamblin and Hasan 2004). Since
light is central in the above applications, it is necessary to select a suitable light
technology.

The most critical requirements for such a lighting technology include the ability
to adjust the spectral composition of emitted light with ease and flexibility, as well
as the exclusion of heating effects through radiation. This is because plant tissues
contain various components that respond to different parts of the light spectrum and
thereafter activate biological responses that result in desirable effects. Similarly,
unique photoactive molecules which pose a threat to pathogenic bacteria also
operate most effectively under certain wavelengths of light. Since thermal treat-
ments can result in unwanted quality changes in foods, the availability of a lighting
technology that reduces thermal heating to a minimum is also desirable. For these
reasons, LEDs are well suited in the application of light for postharvest preservation
and microbiological inactivation (D’Souza et al. 2015). The current availability of a
great number of studies that have investigated the effectiveness of utilizing LEDs in
the areas of postharvest preservation and food safety gives a clearer picture to their
industrial, commercial, or potentially even personal application in homes, such as in
the household refrigerator. This chapter highlights the relevant studies which have
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shown how LEDs perform this function of keeping food safe for as long as pos-
sible, in the period after it has left the ‘farm.’

It must be noted that the relevant studies in the literature have been slightly
limited in their scope. For example, postharvest studies are often conducted on
fruits and vegetables; very few studies have investigated their effect on meat yet. In
terms of food safety, this chapter focuses primarily on microbiological food safety
in line with the current trend of such LED-related studies. The food types studied in
this application are more varied, from fruits and vegetables, to beverages and even
chicken. Even so, there is a rich amount of knowledge that can be gleaned from
these studies, and the documentation of these studies will hopefully motivate the
transferal of such knowledge to other related applications in the near future.
Henceforth, the proceeding chapters will delve into the unique application of LEDs
in postharvest preservation and microbiological food safety.

9.2 Brief Recapitulation of LED Technology
and the Measurement of Light

Previous chapters have discussed in depth the properties and features of LED
devices (see Chaps. 1 and 2 for more details). This section recapitulates these points
in order to relate them to their application in postharvest and food safety techniques.
Briefly, LEDs are semiconductor diodes which produce light through the process of
electroluminescence. Depending on the material of the semiconductor, light of
distinct color is produced (Dutta Gupta and Jatothu 2013). For example, LEDs
fabricated using gallium arsenide emit red light, whereas with gallium nitride and
silicon carbide, blue light is emitted (Yeh et al. 2015). Due to the narrow bandwidth
of wavelengths, light emitted from LEDs is said to be almost monochromatic. LEDs
can also produce monochromatic light which is in the ultraviolet (UV) or infrared
(IR) range. Furthermore, broad-spectrum white light can also be produced from
LEDs, either by mixing light from individual red, blue, and green LEDs (DenBaars
et al. 2013), or by combining a UV LED and a tricolor phosphor coating, or a blue
LED with a yellow phosphor coating (Park et al. 2014). In other words, LEDs
confer great flexibility over the spectral composition of light, or what is referred to
as ‘light quality.’

The above properties are important for several reasons. Firstly, by producing
high quantities of light of the wavelengths that are desired, less energy is consumed
in producing light of wavelengths that are unwanted. This is especially important in
photobiological interactions in plants, which involve interactions between light and
plant pigments and photoreceptors. Chlorophylls, the photosynthetic pigment which
is familiar even to the layman, possess absorption peaks typically in the blue and
red regions; the reason they appear green is because green light is mostly reflected
away (Zhu et al. 2008). Based on this, early studies exploring the potential of using
LEDs for horticulture and plant growth achieved satisfactory results using red and
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blue LEDs only (Massa et al. 2008). Apart from chlorophylls, a variety of other
photoreceptors or pigments are responsible for sensing or absorbing energy from
different regions of the light spectrum, including limited regions of the UV and IR
range (Pinho et al. 2012). For example, light in the blue region is absorbed mainly
by photoreceptors such as cryptochromes, phototropins, as well as pigments such as
lycopene, B-carotene, and xanthophylls, whereas green light is absorbed by pig-
ments such as certain flavonoids and betalanins. Phytochrome is well known for
sensing the ratio of red to far-red radiation present in light, thereafter triggering a
variety of other photomorphological processes. Although cryptochrome is known to
absorb in the UV range (at around 320-400 nm), more research is required to fully
understand the mechanism behind UV perception at lower wavelengths of UV
radiation (Carvalho et al. 2011). With this knowledge, monochromatic LEDs can be
used to study phenomena relevant to these photoreceptors and pigments, or various
LEDs can be combined to produce a light of a desired spectral composition for
other purposes. Similarly, when LEDs are used in inactivating pathogenic or
spoilage microorganisms through direct exposure to high-intensity light, or with a
photoactive molecule which is excited at particular wavelengths, the monochro-
matic nature of LEDs is an advantage. In contrast, broad-spectrum lighting tech-
nologies have lower photon efficiency compared to LEDs, which produce relatively
lower quantities of light of the desired wavelength at the same power consumption
(Nelson and Bugbee 2014).

Secondly, monochromatic light is useful in limiting the propagation of radiant
heat. The production of radiant heat from broad-spectrum light is a problem, and
lighting sources such as high-intensity discharge lamps produce substantial
amounts of IR radiation. This may therefore cause surface heating on plants or
exposed surfaces, causing unwanted effects. Since only a narrow bandwidth of
wavelengths is emitted from LEDs, IR radiation is typically absent, hence less
surface heating and other associated detrimental effects are caused (Morrow 2008;
Mitchell et al. 2012). However, substantial heating occurs in the p-n junctions of
LEDs, which is the site of electroluminescence. Higher temperatures tend to reduce
luminous efficacy, hence resulting in less light being produced. This can be pre-
vented by using devices such as heat sinks and cooling fans. For this reason, LEDs
are suitable for use in cold, temperature-controlled environments such as refriger-
ators and hence would be appropriate for using in cold-chain storage or in transport
vehicles due to their added resistance to damage from vibration and mechanical
forces (US Department of Energy 2012).

There are various other advantages that LEDs possess which are superior to
other forms of lighting such as high-intensity discharge lighting, fluorescent lights,
and others (D’Souza et al. 2015). Other notable features include LEDs having a
unique ability of reaching full output almost immediately after being switched on,
with little restrike delay, and hence can be used for high-frequency pulsing and
dimming to further save energy (Yeh and Chung 2009; Branas et al. 2013; US
Department of Energy 2013). LEDs also have a longer life expectancy ranging from
50,000 to 100,000 h, compared to fluorescent or high-pressure sodium lamps,
which range from about 10,000 to 17,000 h (Dutta Gupta and Jatothu 2013).
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Finally, while the concept of light quality has already been covered, light
quantity requires some discussion. The photon flux is the most commonly
encountered unit of measurement of light quantity (typically in the form of
pmol m ™2 s 1). It describes the number of moles of photons received per unit area
per second, regardless of the wavelength or energy carried by the photons.
Therefore, it is only useful in quantifying light when conceived of in the ‘particle
form of light,” which is more applicable to photochemical or photobiological
reactions in plants (Pinho et al. 2012). Another metric commonly used in studies
related to food safety is termed ‘irradiance,” which is the power of light energy
received per unit area (W m™ ). Since photons of different wavelengths possess
different amounts of energy, irradiance varies with the spectral composition of light.
As an illustration, although a treatment of 100 pmol m > s~' of blue light is
equivalent to 100 umol m 2 s~ " of red light in terms of photon flux, the blue light
treatment will have a higher irradiance (in terms of W m™2) than red light since blue
photons possess more energy than red photons. A related but outdated unit is the
‘Einstein,” denoted by ‘E’ (e.g., pE m > s~ "), but its usage is discouraged due to its
ambiguity: it can be interpreted either as photon flux, or as irradiance (Thimijan and
Heins 1983). However, it has still been used in several recent studies (Braidot et al.
2014; Dhakal and Baek 2014a, b). Irradiance is commonly used in food safety
studies as the peak wavelength of monochromatic light is usually fixed according to
the photoactive molecule being used (i.e., the photosensitizer), or within the blue to
near-UV region. Hence, spectral composition is not relevant. Measuring in terms of
energy is also useful as microbial inactivation usually depends on the dosage
d cm_z), which is the product of time and irradiance.

In short, LEDs are useful in postharvest and food safety applications because
they are energy-efficient, reduce unwanted heating of foods, are suitable for cold
storage and transport, have long-lasting life times, and are mechanically robust and
compact in size and shape. Most importantly, the quality of light emitted is easily
customizable, especially due to its monochromatic nature. In the next section, the
effects of various light qualities and quantities will be shown to have many bene-
ficial effects on the postharvest quality of foods, especially of fruits and vegetables.

9.3 LEDs in Postharvest Quality Preservation of Fruits
and Vegetables

The factors that affect postharvest quality are very broad. In general, postharvest
techniques aim to prevent the visual, textural, and nutritional deterioration of a food
that occurs rapidly after harvesting. Furthermore, it aims to keep the levels of
harmful or spoilage-related microorganisms to a minimum, as well as to control the
rate of ripening so as to optimize the commercial value of an edible fruit. In short, it
aims to ensure that harvested produce is in an optimal state for consumption after
being transported and distributed. Critical conditions for preserving postharvest
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quality include using the optimal combination of temperature and relative humidity,
as well as concentrations of oxygen, carbon dioxide, and ethylene (Kader and Rolle
2004).

The effect of light on the postharvest quality of leafy vegetables and fruits, in
particular, has been receiving more attention in recent years. It has been generally
accepted that the postharvest quality of certain leafy vegetables that are exposed to
small quantities of light is better than when stored in the dark (Braidot et al. 2014).
Earlier postharvest studies on vegetables focused on the use of fluorescent lights
mainly, showing that light can even increase the postharvest concentration of
nutrients such as ascorbic acid, phenolic compounds, sugars, carotenoids, and other
bioactive compounds in vegetables like spinach (Toledo et al. 2003; Lester et al.
2010; Glowacz et al. 2015), broccoli (Zhan et al. 2012a), and romaine lettuce (Zhan
et al. 2012b). However, several studies utilizing LEDs as a light source have
emerged recently. In general, LEDs have been used to delay senescence in per-
ishable fruits and vegetables, in modifying nutritional content, in manipulating the
rate of ripening of fruits, and in preventing fungal infections on foods to reduce
food spoilage. Table 9.1 provides a summary of the different postharvest-related
functions in which LEDs have successfully been shown to impart a beneficial effect.

9.3.1 Delay of Senescence in Vegetables Through LEDs

Senescence is a genetically controlled process that maximizes the survival of
individual plants. Senescence allows for the conservation of available macro-
molecules and nutrients within the plant, by relocating them from aging plant tissue
to new or developing tissue. Although it is beneficial to living and growing plants, it
leads to unwanted loss of quality in harvested fruits and vegetables, which may
have been detached from the rest of the plant. This in turn interrupts the transport of
materials between tissues. Senescence in the postharvest stage is generally gauged
in terms of characteristics which represent the marketable quality of the food;
hence, this could broadly include general characteristics such as color and degree of
wilting, or more specific indicators such as chlorophyll content. Based on these
factors, there is notable evidence that light treatment can delay senescence in
detached leaves, stems, and flowers (Pogson and Morris 2004), but light must be
delivered appropriately, according to the optimal intensity, spectral composition,
duration or photoperiod considerations, to the target fruit or vegetable (Noodén and
Schneider 2004).

Too much light could lead to excessive photooxidative stress, which results in
lower postharvest quality (Glowacz et al. 2015). Hence, selecting the correct light
intensity is important. In order to determine the correct amount of light for a
successful treatment, the light compensation point, which is the amount of light that
results in equal rates of photosynthesis and respiration in a plant tissue, could be
considered as a benchmark. Light administered in quantities below the light com-
pensation point results in a net loss of sugars, which accelerates senescence
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(Noodén and Schneider 2004). However, light quality must be considered as well.
A study by Costa et al. (2013) found that subjecting basil leaves (Ocimum basilicum L.)
to pulsed white fluorescent light treatment at a photon flux below the compensation
point effectively retarded senescence. The effect from the above treatment was
comparable to pulsed red light produced using a white light and red filter. However,
when a far-red filter was used, quality indicators suggested that senescence was
proceeding, thereby indicating the involvement of phytochrome of senescence.
Therefore, in the case of basil leaves, light quality was more influential than light
quantity.

Conventionally, postharvest application of light in studies related to leafy veg-
etables did not exceed 30 umol m2s ! (Noichinda et al. 2007; Lester et al. 2010),
and several studies have even used various forms of pulsed lighting (Costa et al.
2013; Gergoff-Grozeff et al. 2013). LEDs are well-equipped to provide such
quantities of light and are far more effective than other lighting technologies at
providing pulsed light. However, only a few studies which use white LED irradi-
ation exist. In one such study, an LED produced pulses of warm white light on
lamb’s lettuce, at a very low average photon flux of approximately 1.4 pEm > s
for 8 h in total (Braidot et al. 2014). Two different pulse treatments were used:
specifically, 8 cycles of 1-h pulses or 16 cycles of 0.5-h square-wave pulses. Both
treatments resulted in an increase in the chlorophyll a/b ratio above the initial ratio,
and slower reduction in pheophytin levels, thus suggesting a delay in senescence.
Furthermore, less potential oxidative damage was observed based on the
pro-oxidant capacity of lipophilic extracts. However, the treatment of 16 cycles of
0.5-h pulses slowed down the degradation of chlorophylls a and b and helped retain
carotenoid levels. Glucose content in light-treated or control samples was measured
to be less than the initial glucose content, suggesting that pulsed light in low doses
might be insufficient for photosynthesis to occur effectively. Hence, despite a net
loss of glucose, there was still a limited amount chlorophyll and carotenoids
produced.

Hasperué et al. (2016) investigated the rate of postharvest senescence in broccoli
(Brassica oleracea var. Ttalica cv. Legacy) when treated with 20 pmol m > s ' of a
combination of white and blue LEDs. LED-treated samples showed the least
amount of yellowing, and a corresponding retention of chlorophylls a and b com-
pared to the dark control samples. Retention of glucose, fructose, and sucrose was
also observed. Moreover, sucrose was increased by LED irradiation after 35 days
when stored in 5 °C. All quality indicators for senescence were better for samples
irradiated by LEDs than those stored in the dark even up to 42 days when stored at
5 °C. Therefore, in general, using low quantities of light from LEDs is a good
means of preventing senescence from proceeding, hence keeping produce as fresh
as possible, and in good marketable condition.



9 Light-Emitting Diodes in Postharvest Quality ... 201

9.3.2 Enhancement of Nutritional Status of Vegetables
and Fruits Through LEDs

The previous cases have shown that white LEDs can help to retain, or slow down
the degradation of certain nutrients such as ascorbate, chlorophylls, carotenoids,
and sugars. However, they can also be used to increase the nutrient content of foods.
Investigations into the effects of various types of light treatments involving either
monochromatic lighting regimes using LEDs, or the use of LEDs supplementing
traditional light sources, have been shown to produce crops with superior nutri-
tional quality (Bian et al. 2015). For example, Lee et al. (2014) investigated the
effect of white, blue (436 nm), green (524 nm), and red (665 nm) LED treat-
ments on the nutrient content of cabbages. It was found that after 18 days,
chlorophyll content was highest for samples treated with green and white LEDs,
followed by red and blue LEDs. In contrast, vitamin C and total phenolic content
were increased by blue and white LED treatments. Although the results demon-
strated that LED treatments generally improved the nutritional quality of vegetables
stored in a refrigerator, the quantity of light received by the cabbages was not
specified.

Outside of the visible range, UV and IR LEDs avail more interesting potential
applications in terms of nutritional enhancement. For instance, watercress and
garden pea sprouts were exposed to 33 umol m > s~! of UV-A radiation from an
LED (375 nm) for a duration of 160 min daily over 3 days and then stored in
darkness (Kanazawa et al. 2012). The quercetin-glycoside content of the vegetables
was found to be significantly greater than those stored in the dark after 6 days from
the beginning of the treatment. Hence, the study suggested that such UV LEDs
could stimulate flavonoid and phenylpropanoid production in vegetables.

Near infrared (NIR) LEDs were used to investigate the effects of NIR radiation
on transpiration rates and reactive oxygen species (ROS) accumulation in ‘Notip’
and ‘Cisco’ lettuce (Lactuca sativa L. Crispa Group) after harvesting (Kozuki et al.
2015). The 850-nm LED produced optimal results, leading to the lowest relative
transpiration rates among all the irradiated as well as the non-irradiated control
samples, for irradiation durations as low as 1 min. This was attributed to stomatal
closing caused by increased ROS production in response to NIR irradiation,
resulting in firmer and more visually appealing samples. Although the study
measured a 20% increase in ROS production in guard cells, no further study was
conducted to ascertain whether there was a corresponding increase in nutrients such
as antioxidants, hence such an investigation might be worth pursuing in future
studies.

Other than the leaves of vegetables, other edible plant parts respond differently
to different LED treatments. Red LED treatment of broccoli (Brassica oleracea L.
var. italica) at 50 pmol m ™2 s~ ! for 4 days caused a slower rate of ethylene pro-
duction, slower degradation of ascorbate content, and less yellowness of the treated
samples compared to the blue LED treatment and dark control (Ma et al. 2014). In
contrast, the study by Hasperué et al. (2016) reported that the antioxidant levels,
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total phenolic content, and ascorbic acid levels in treated samples were mostly equal
to or less than the samples stored in the dark. However, yellowing was similarly
suppressed and carotenoid content increased significantly under this treatment. The
lower photon flux of 20 pmol m 2 s~ was not strong enough to induce the pro-
duction of antioxidants.

To account for the biological response of such foods to light, several studies
have investigated the relationship between exposure to LED light and biomolecular
responses in terms of gene expression. In this regards, fruits have been studied in
great detail. Blue LEDs were found to effectively increase total carotenoids in the
peels and pulp of two cultivars of peaches (Prunus persica ‘Hujing’ and ‘Jinli*),
and the necessary gene expression contributing to the increases was investigated by
Cao et al. (2017). Blue (440 nm) and red (660 nm) LED treatments at 80 pmol m 2
s~ ! increased the content of stilbenes in grape berries (Vitis labruscana Bailey) by
appropriately regulating gene expression of key enzymes in the phenylpropanoid
and stilbene biosynthesis pathways (Ahn et al. 2015). Shi et al. (2016) also showed
evidence that blue LED (470 nm) irradiation at 40 pmol m 2 s !increased glucose
and fructose while maintaining sucrose levels in Chinese bayberries (Myrica rubra
Sieb. and Zucc. cv. Biqi), by upregulating genes involved in sugar metabolism such
as sucrose phosphate synthase, acid invertase, glucose sensor, and cryptochrome
genes.

Furthermore, citrus fruits have been extensively studied in this manner. Ma et al.
(2011) outlined the effectiveness of red LED compared to blue LED irradiation on
the regulation of gene expression that gave rise to an increase in B-cryptoxanthin in
the flavedo of Satsuma mandarins. This effect was even greater in the flavedo of
fruits treated to a combination of red LED and exogenous ethylene exposure (Ma
et al. 2015). In contrast, Zhang et al. (2012) showed that blue LED treatment was
more effective at increasing total carotenoids in the juice sacs of Satsuma man-
darins, Valencia oranges (Citrus sinensis Osbeck), and Lisbon lemons (Citrus limon
Burm. f.), and they studied the regulation of similar genes. A later study showed
that blue LED treatment caused greater upregulation of gene expression for ascorbic
acid biosynthetic and regeneration genes, and two types of reduced
glutathione-producing genes, than did red LEDs, for the same citrus cultivars
(Zhang et al. 2015). From the above studies, different LEDs would induce different
biochemical responses (and hence nutritional changes) in different species of fruits.
Within similar species, different LEDs may have different effects depending on the
location on the fruit.

9.3.3 Accelerating or Delaying the Ripening of Fruits
Using LEDs

To reduce postharvest losses of fruits that are being transported over long distances
or stored for long durations, manipulating the rate of ripening is a strategy that can
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be used. For example, the application of blue light prior to storage in the dark
extended the ripening time of tomatoes (Dhakal and Baek 2014a, b). Mature green
tomatoes had a slower rate of color change and were firmer when irradiated with
blue light (440-450 nm) for a period of 7 days, compared to those stored in
darkness or irradiated with red light (650-660 nm). Correspondingly, lycopene
accumulation was reduced in response to blue light irradiation. Therefore, blue
LED treatment was shown to be a convenient way of delaying the ripening of
tomatoes, thereby extending their postharvest commercial value.

In contrast, blue LED light (470 nm) accelerated respiration, ethylene produc-
tion, and the development of red color in strawberries (Xu et al. 2014a, b). Yet,
green (525 nm) and red (630 nm) LED irradiations were also able to accelerate the
increase in anthocyanins in immature strawberries to a smaller extent than blue
LEDs (470 nm), suggesting that secondary ripening processes can be hastened by
other LEDs if blue LEDs are unavailable (Kim et al. 2011). In a similar vein, the
effect of monochromatic LED light of various wavelengths should be studied on
various other climacteric fruits as this would be of immense commercial value.

9.3.4 Preventing Fungal Spoilage Through LEDs

Decay by fungi such as gray mold (Botrytis cineria) causes a significant amount of
food loss (Kader and Rolle 2004). Recently it has been shown that blue LED light
can help to attenuate fungal infections in citrus fruits. Soft rot area, mycelial
growth, and sporulation of Penicillium digitatum, Penicillium italicum, and
Phomopsis citri on the surface of tangerines were reduced when treated with blue
light at 40 pmol m 2 s™' over 5-7 d, compared to white light LED at a similar
photon flux, and dark control (Alferez et al. 2012; Liao et al. 2013). This treatment
was shown through real-time qRT-PCR analysis to increase the expression of
phospholipase A, (PLA,), an enzyme involved in the production of lysophos-
phatidylcholine which increases resistance to fungal infection and growth. In
contrast, red light treatment led to the down-regulation of phospholipase D (PLD),
which also provides antifungal defense (Alferez et al. 2012). Other than the above
phospholipases, octanal, which possesses antifungal properties as well, increased in
concentration in the flavedo of ‘Fallglo’ tangerines and sweet oranges upon blue
LED irradiation. Polygalacturonase activity in P. digitatum, which is critical for
fungal pathogenicity, was also lowered upon blue LED irradiation (Liao et al.
2013). The effectiveness of using blue LEDs in citrus fruits was replicated in a
study on Satsuma mandarins (C. unshiu Marc. ‘Aoshimaunshu’), which showed
that both 8 and 80 pmol m~> s~ ' of blue LED light (465 nm) were able to sig-
nificantly decrease the rate of growth in the soft rot, mycelial, and sporulation zones
over 6 days (Yamaga et al. 2015).

Following this, the question of whether continuous irradiation over several days
is the most effective form of treatment arises. Alferez et al. (2012) found that 12-h
blue LED treatments per day (followed by 12 h of darkness) were more effective at
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reducing mycelial growth of P. digitatum compared to continuous irradiation.
However, these fruits were pre-treated for 3 d with blue LED light prior to inoc-
ulation, which may not be reflective of natural conditions in which the time of
contamination or infection may not be known. Indeed, when fruits were inoculated
immediately after harvesting, there were no significant differences between con-
tinuous treatments and 12-h treatments daily for 5 d, in terms of soft rot area of
P. digitatum (Liao et al. 2013). However, both treatments reduced mycelial and
sporulation areas to negligible after 5 d. Even so, since their effects were similar, it
is worth considering using 12-h irradiation regimens for energy savings.

Further studies were performed using P. digitatum and P. italicum strains
resistant to fungicides thiabendazole and imazalil, to ascertain the optimal lighting
regime for inhibiting their growth in vitro. When 700 pmol m > s~' of blue LED
light was applied immediately after inoculation, colony growth was completely
suppressed. When it was applied after 4 days, growth persisted but was severely
limited. However, a lower photon flux of 120 pmol m > s~ of blue LED light
exerted a greater fungicidal effect when applied 4 d after inoculation. Although
700 pmol m ™2 s~ ! is a significantly high intensity of light, it was still possible to
maintain the temperature of the experimental system at 20 °C throughout the
duration of treatment (Lafuente and Alférez 2015). These studies exemplify how
LED exposure is a viable alternative to common fungicides, as the risk of fungicide
resistance increases.

Another strategy that can be employed in response to increasing fungicide
resistance is the use of synergistic combinations of treatments. Yu and Lee (2013)
tested the effectiveness of combining LED irradiation with the use of antagonistic
bacteria, Bacillus amyloliquefaciens JBC36, which was applied as a biofilm to the
surface of fruit. As opposed to the above studies, in vitro experiments found that the
irradiation of 240 pmol m 2s ! of red LED light (645 nm) was more effective than
other wavelengths in increasing the motility and biofilm formation of the bacteria.
Furthermore, the LED treatment stimulated the production of iturin and fengycin,
which are antifungal lipopeptides, thereby further contributing to the antifungal
activity of the bacteria. Ramkumar et al. (2013) confirmed that red light exposure
increased expression of fenA gene in Bacillus amyloliquefaciens JBC36, which is
responsible for the synthesis of fengycin. The use of such a synergistic strategy
might solve the problem of re-emergence of infections when LED treatment is
discontinued, due to fungal growth below the surface of the fruit (Alferez et al.
2012). Further studies should be conducted to verify this.

UV LEDs can also be used to prevent fungal infection. A system consisting of
UV LEDs of wavelengths of 272, 289, or 293 nm was used to irradiate strawberries
purchased from a supermarket over 9 d at 20 mWm 2. The treatment prevented any
mold growth for the period of 9 d, whereas significant growth of mold (suspected to
be Botrytis cinerea) was found on strawberries stored in 6 d of darkness. The UV
treatment also resulted in the retention of anthocyanins and total soluble sugar
levels, compared to those stored in the dark and which were found to have
decreases in the above nutrients (Britz et al. 2013). LEDs with wavelength of
405 nm were also reported to prevent the growth of B. cinerea on detached tomato
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leaves, which are not usually consumed (Imada et al. 2014). This occurred through
the interaction between light at that wavelength and the endogenous porphyrins in
the mold, resulting in the production of toxic ROS. Using an LED within the visible
range is preferable to UV LEDs of low wavelength as such UV radiation can harm
the eyes and skin (Shama 2014).

9.3.5 Evaluation of LEDs in Postharvest Preservation

This section (i.e., Sect. 9.3) has focused on a few aspects of postharvest quality,
namely the prevention of senescence, fungal infection and ripening, or the accel-
eration of ripening where applicable, as well as the enhancement of nutritional
quality. With regard to nutritional quality, there is still currently a lack of studies
showing the effect of various LEDs on leafy vegetables, which is surprising as there
have been many studies conducted on leafy vegetables during the pre-harvest
growth stage. Furthermore, there have been many postharvest studies conducted on
leafy vegetables using broad-spectrum lighting. Granted that it is challenging to find
the optimal lighting regime that is not excessive (hence risking oxidative damage),
using low quantities of monochromatic light is still a possible path to take in initial
studies. For example, Woltering and Seifu (2015) found that small quantities
(5 umol m 2 s~ of red, blue, and green LED lights resulted in increased levels of
glucose, fructose, and sucrose in butterhead lettuce, and marked reduction in sugars
depletion in iceberg lettuce, compared to the samples stored in darkness. Moreover,
since the quantity of light used was significantly below the light compensation
point, it was concluded that increase in sugar levels was due to the process of
gluconeogenesis, instead of photosynthesis. This seems to contradict the earlier
statement by Noodén and Schneider (2004), which could be due to the fact that
monochromatic light, not white light, was used in this experiment. It also means
that the process of gluconeogensis could be exploited in novel ways to improve the
nutritional quality of leafy vegetables using monochromatic light and hence should
be investigated further.

An advantage of using low-powered LED:s is that it can potentially lead to high
energy savings. Braidot et al. (2014) showed that lamb’s lettuces stored at 6 °C
with pulsed lighting were not significantly different in terms of postharvest quality
than samples stored in the dark at 4 °C. A higher storage temperature could be
conducive for long-term energy savings. Furthermore, although Lee et al. (2014)
did not specify the photon flux of the various treatments, it was stated that the input
electrical power ranged from 1.0 to 1.5 W for each LED system in the refrigerators.
These confirm the practicality of using LEDs in cold storage facilities.

A recurring issue with the use of light in general on vegetables is the reduction in
mass due to moisture loss. This is normally due to transpiration, which is aggra-
vated by light exposure. It is well known that blue light increases stomatal con-
ductance and transpiration in leaves (Massa et al. 2008; Muneer et al. 2014), which
results in moisture loss during the postharvest storage. Lee et al. (2014) reported a
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lower moisture content in cabbages that were exposed to blue, green, and white
LEDs over 12 days, compared to samples treated with red LEDs or kept in the dark.
Low moisture content can result in wilted and less visually appealing leaves, and
therefore, a lower consumer acceptance, but perhaps this could potentially be
reversed by IR radiation as previously shown by Kozuki et al. (2015). Therefore, in
order to preserve moisture content in leafy vegetables exposed to light, future
studies could incorporate IR LEDs to retard water loss due to transpiration, while
incorporating other LEDs to bring about improvements in nutritional content.

Therefore, future studies conducted using LEDs on fruits and vegetables need to
account for other quality changes that might compromise consumer acceptability,
such as texture (which can be measured by a texture analyzer), color, or even
flavor-active compounds.

9.4 LEDs in Food Safety

While the previous section has covered various postharvest quality attributes that
may increase the shelf life of perishable foods by slowing down degradative pro-
cesses within the food, or accelerating other biological processes that increase the
commercial or nutritional value of the foods, another critical aspect of the
postharvest quality is the microbiological safety of produce. Food safety is of prime
priority in the food industry. Food contaminated with pathogenic bacteria could
result in foodborne diseases and therefore must be appropriately processed.
Thermal techniques, while being the most efficacious methods of eliminating
pathogens, will cause the destruction of foods such as fresh produce, juices,
and ready-to-eat salads. Compounded with consumers’ demand for minimally
processed food free from chemical sanitizers and other additives, and an increasing
risk of antimicrobial resistance in food pathogens, new forms of effective food
safety technologies for food processing facilities need to be found (Capita and
Alonso-Calleja 2011).

Visible light has bactericidal effects when combined with a photosensitizer and
oxygen, through a phenomenon known as photodynamic inactivation (PDI).
Moreover, UV radiation itself has bactericidal effects. When combined with suit-
able nanoparticles, UV radiation can cause bacterial death through photocatalytic
oxidation. While the use of the above techniques has been researched quite widely
for applications in the fields of medicine, dentistry, and water purification, recently
more attention has been given to applications in food-related decontamination
processes, with LEDs being widely studied as a suitable source of light. Other than
the energy savings that LEDs offer, the lack of radiant heat is an attractive feature
since heat can potentially accelerate the deterioration of food quality. The subse-
quent sections first present the foundational in vitro studies demonstrating the
efficacy of using LED treatments in PDI, photocatalytic inactivation and direct UV
exposure, followed by studies that have been conducted on model food systems
such as beverages, or actual food matrices such as fruits and vegetables.
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9.4.1 PDI Using Exogenous Photosensitizers

PDI is one of the most common modes of decontamination studied in food-related
applications of LEDs (Luksiene and Brovko 2013). Essentially, PDI requires a
photoactive molecule (also known as a photosensitizer), light, and oxygen.
Excitation of the photosensitizer occurs during the interaction with a light photon.
Subsequently, ROS are generated when the photosensitizer returns to ground state.
This occurs through two pathways. Firstly, the Type I mechanism involves the
transfer of energy to surrounding substrates, which then results in ROS generation
of species such as superoxide anion (O3"), hydrogen peroxide (H,0,), and hydroxyl
radicals (OH). In contrast, the Type II mechanism involves the transfer of energy
from the photosensitizer to the stable molecular oxygen in its triplet state (CO»),
causing its excitation to the singlet state ('O,). These ROS cause extensive damage
to the cellular components comprising lipids, fatty acids, peptides, and other sub-
strates such as in the cell membrane (Kiesslich et al. 2013). Since the production of
the above ROS results in the indiscriminate destruction of cellular components, it is
expected that resistance to PDI is more difficult to evolve. However, the treatment
provided must be sufficient to completely inactivate the target pathogen; otherwise,
sublethal treatments may induce stress tolerance (St. Denis et al. 2011). Even so,
experiments have shown that resistance to PDI does not develop in targeted
microorganisms even after 10 cycles of PDI treatment (Tavares et al. 2010;
Bartolomeu et al. 2016).

The photosensitizer is the most crucial component in PDI, and the properties of
various photosensitizers have been reviewed in considerable depth by other authors
such as Luksiene and Brovko (2013) and Kiesslich et al. (2013). The following is a
summary of the salient points. The characteristics of a functionally effective
exogenous photosensitizer include possessing a high light absorption coefficient
within the wavelength range of excitation, a triplet state which reaches a high
quantum yield (@7 > 0.4), high energy (E; > 95 kJmol ', and sufficiently long
lifetime (17 > 1 ps). These characteristics allow for maximum energy transfer from
the photosensitizer to reactants. The lipophilicity and the ionization constant (pK,)
must be considered alongside the nature of the food matrix as these affect the uptake
of the molecule into the target pathogen. Finally, they should not in themselves be
toxic. Most photosensitizers that have been identified and validated are confined to
clinical applications and may not be suitable for application in food. However,
photosensitizers that are suitable and effective in food applications, found in natural
sources, or have been studied in substantial depth previously include hypericin,
curcumin, alpha-terthienyl, and chlorophyllin (Luksiene and Brovko 2013). Based
on the photosensitizer being used, it is crucial to select a suitable light source.
Various forms of lighting can be used in PDI, including broad-spectrum and pulsed
lighting that provide sufficient quantity of light in the range of absorbance of the
photosensitizer. However, it is more economical to use light whose peak wave-
length coincides with the absorption maximum of the selected photosensitizer, and
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therefore monochromatic light sources such as LEDs are the most appropriate
lighting source.

Conventionally, a photosensitizer is added from an external source into the
media carrying the microorganism of interest, or the food matrix in question. Hence
the photosensitizer is found in the exogenous environment to the pathogen, where
the lethal ROS are generated. In terms of susceptibility, in vitro studies have shown
that Gram-positive bacteria are more susceptible to PDI as the photosensitizer is
more easily trapped in the peptidoglycan layer of the cell wall, whereas the double
cell membrane structure in Gram-negative bacteria acts as a more effective barrier
to photosensitizers (Demidova and Hamblin 2004). Increasing the photosensitizer
concentration, or using cationic photosensitizers or photosensitizers conjugated to
positively charged polymers, has been shown to improve their uptake (Luksiene
and Brovko 2013). Another potential strategy that could increase susceptibility in
Gram-negative species is to conjugate photosensitizers to antimicrobial peptides
which bind specifically to target cells. Eosin Y was conjugated to an antimicrobial
peptide, (KLAKLAK),, and was shown to target both Gram-positive and
Gram-negative bacteria, as opposed to red blood cells or other mammalian cells
(Johnson et al. 2012).

With sufficient knowledge of the mechanisms of inactivation that occur during
PDI, qualitative and quantitative comparisons can be made between different forms
of PDI treatment by using appropriate mathematical models, which can bring more
clarity to the inactivation kinetics of a PDI treatment. Aponiene et al. (2015) found
that the Logistic model was suitable for describing inactivation curves of B. cereus
incubated with hypericin and exposed to a green LED of 585 nm (R* > 0.97).
Furthermore, Dementavicius et al. (2016) compared three models, namely the
Weibull, Logistic, and Geeraerd models, to find which one best described the
inactivation of B. cereus and L. monocytogenes similarly incubated with hypericin
and exposed to a green LED. The study concluded that of the three, the Logistic
model gave the best fit in terms of the determination coefficient (Rz) and
root-mean-square error (RMSE). In the Logistic model, model parameters include
‘number of cells resistant to treatment,” ‘shoulder parameter,” ‘population reduction
suddenness,” and ‘maximum reduction rate’. A thorough explanation of these
parameters is discussed in Dementavicius et al. (2016). The study concluded that
L. monocytogenes was more easily inactivated by hypericin-based PDI than
B. cereus based on the comparison of the above parameters. This shows the merits
of using mathematical modeling if done appropriately and rigorously. The avail-
ability of quantitative data can give objective insights into the efficacy of a treat-
ment, or the susceptibility of a bacterial species to the treatment. It would be useful
and beneficial to the food industry to conduct such studies on actual food matrices,
such as the one performed on endogenous photosensitizers by Ghate et al. (2016).
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9.4.2 PDI Through Endogenous Photosensitizers

Instead of applying photosensitizers to food systems from an external source, the
excitation of endogenous photosensitizers located intrinsically within bacterial
pathogens represents another antimicrobial strategy. Endogenous photosensitizers
usually exist in the form of intracellular components like ‘porphyrins, cytochromes,
flavins, and NADH’ (Lubart et al. 2011). Research in this field has been very
productive in the recent years (Table 9.2), hence posing as a valid alternative to the
use of exogenous photosensitizing agents.

Without the need for photosensitizing additives, the most critical conditions for
ensuring successful inactivation lie in the LED wavelength and intensity. In terms
of wavelength, it has long been established that blue light or near-UV radiation,
typically within the band of 400405 nm (Soret band), is the most effective at
inactivating bacteria and fungi as it coincides with the absorption maximum of
photoactive porphyrins within the organisms (Maclean et al. 2008, 2014; Endarko
et al. 2012; Imada et al. 2014). For a variety of Gram-positive and Gram-negative
foodborne pathogens irradiated with 486 J cm™ from an LED of 405 nm peak
wavelength, it was determined that the resulting reduction in populations was partly
due to cellular membrane damage, but not DNA fragmentation (Kim et al. 2015,
2016a).

While the above mentioned studies demonstrated the effectiveness of LEDs with
a peak wavelength of 405 nm, some studies that compared LEDs emitting red, blue,
and green lights also confirmed that the maximum inactivation of Salmonella
typhimurium, Escherichia coli O157:H7, Listeria monocytogenes, and
Staphylococcus aureus was caused by blue LEDs of a slightly higher peak wave-
length of 461 nm (Ghate et al. 2013). Another study confirmed the superior inac-
tivation ability of blue LEDs over green and red LEDs on Porphyromonas
gingivalis, S. aureus and E. coli DH5o (Kim et al. 2013). In both studies, green
LEDs were also moderately effective at inactivating bacteria as light within the
green region could still be absorbed by photosensitizers (Maclean et al. 2009),
whereas no inactivation was observed by red LEDs. Moreover, treatment with blue
LEDs resulted in the highest rate of sublethal injury to bacteria, indicating that blue
light can significantly injure surviving populations of bacteria (Ghate et al. 2013).
However, LEDs with peak wavelength at 405 nm were shown to be significantly
more effective than LEDs at 460 nm, resulting in greater inactivation of S. aureus,
Lactobacillus plantarum, and Vibrio parahaemolyticus after 7-h treatment at 4, 10,
and 25 °C, despite the former generating a smaller maximum dosage at 7 h com-
pared to the latter (Kumar et al. 2016). The effectiveness of the LED was attributed
to the possibility that a significant proportion of the output spectrum fell within the
UV range, hence compounding the killing effect on bacteria.

The effect of temperature of the system appears to have different effects on
different bacteria. According to Ghate et al. (2013), at 20 °C, blue LED (461 nm)
treatments halted bacterial growth of S. #yphimurium, E. coli O157:H7,
L. monocytogenes, and S. aureus; but when temperatures were lowered to 15 and
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10 °C, inactivation was more pronounced such that blue LED treatments resulted in
populations below detectable limits after 6-7.5 h. On the other hand, Kumar et al.
(2016) reported greater inactivation of L. plantarum when illuminated by LEDs
(405 nm) for 7 h at 25 °C with a dosage of approximately 600 Jem ™ of blue LED
treatment, which was similar to the treatment used by Ghate et al. (2013). In
contrast, V. parahaemolyticus was more effectively inactivated at 4 and 10 °C
under the same conditions. However, this apparent discrepancy in efficacy could be
due to the use of phosphate-buffered saline (PBS) as a bacterial medium. Unlike
other growth media such as trypticase soy broth, it lacks the nutrients required by
injured bacteria to recover from an injured state. Additionally, the authors cautioned
that the apparent high inactivation V. parahaemolyticus might have been due to
cells being converted into the viable but non-culturable (VBNC) state, which is
worth future investigation. These results suggest that different bacterial species will
respond differently to varying temperatures, as determined by the adaptability of the
bacteria’s membrane fluidity to temperature and/or the dependence of the bacteria’s
self-repair system on temperature. While adapting to lower temperatures, the cell
membranes of such bacteria may become composed of a greater proportion of
unsaturated fatty acids which are more susceptible to ROS damage (Ghate et al.
2013; Kumar et al. 2016). More extensive studies will be required on different
bacterial strains; but in general, inactivation was substantial at typical refrigerator
temperatures of between 4 and 10 °C, and, hence, PDI inactivation of foodborne
pathogens can readily be carried out in a refrigerator fitted with suitable LEDs, for
example.

Bacterial susceptibility to PDI through endogenous photosensitizers varies sig-
nificantly among, and within, bacterial species. For example, Campylobacter jejuni
required a much lower dosage of blue light at 405 nm than Salmonella enteritidis
and E. coli. This might be because C. jejuni, which is a microaerophilic species, is
naturally more susceptible to damage via ROS. However, authors cautioned that
this apparent susceptibility might be due to the ability of Campylobacter spp. to
become VBNC (Murdoch et al. 2010), hence leading to an overestimation in its
susceptibility. Further studies are therefore required to confirm this. In contrast, a
study using a LED of 405 nm showed that Listeria spp. were most easily inacti-
vated, followed by E.coli, Shigellasonnei, and S. enteritidis (Endarko et al. 2012).
While several authors suggested that Gram-positive bacteria were more susceptible
than Gram-negative species (Maclean et al. 2009; Birmpa et al. 2014), others
observed that susceptibility was not determined by Gram nature (Ghate et al. 2013).
Moreover, it was shown that there were differences in susceptibility between var-
ious strains of Campylobacter spp. isolates when exposed to the same treatment,
and this example of intraspecies variation in susceptibility was thought to be due to
different concentrations of endogenous porphyrin within species (Maclean et al.
2009; Haughton et al. 2012). On this note, Kumar et al. (2015) showed a correlation
between the higher susceptibility of Gram-positive species of bacteria and the
quantity of intracellular coproporphyrins. However, within Gram-positive species,
there was no direct and strong correlation between coproporphyrin content and
susceptibilities, possibly due to other components in bacterial cells that are capable
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of quenching ROS, such as pyocyanin in P. aeruginosa. The interactions between
ROS produced by photosensitizing intracellular components and other such
radical-scavenging components in cells suggest that future investigations should be
orientated toward characterizing such components and studying their effect on the
overall success of a PDI treatment.

One way of increasing susceptibility by increasing photosensitizing intracellular
components is through the external addition of 5-aminolevulinic acid (ALA), a
non-photoactive metabolic precursor in heme biosynthesis which can give rise to
various endogenous photosensitizing porphyrins. The addition of ALA is suitable
for food applications because ALA is colorless and tasteless, while being effective
against a range of foodborne pathogens, yeasts and fungi, viruses, and even certain
protozoa (Harris and Pierpoint 2012; Luksiene and Brovko 2013). It has been
shown to inactivate not only vegetative S. typhimurium cells (Buchovec et al.
2009), but also Bacillus cereus spores (Luksiene et al. 2009) and L. monocytogenes
biofilms on packaging surfaces (Buchovec et al. 2010) when treated with LED light
at 400 nm for as little as 15 min.

As discussed earlier, mathematical models present us with a useful means of
evaluating the efficacy of a photosensitizing treatment in terms of its inactivation
kinetics. Several studies on the inactivation kinetics of PDI through endogenous
photosensitizers exist. Ghate et al. (2013), who studied the effect of wavelength,
temperature, and dosage of LED treatment on the inactivation and decimal reduction
values of selected pathogens, reported that D-values for treatments using LEDs at
461 nm at 10 °C ranged from 1.19 h for L. monocytogenes to approximately 1.4—
1.5 h for E. coli O157:H7, S. typhimurium, and S. aureus. Kumar et al. (2015)
modeled the inactivation curves of B. cereus, E. coli O157:H7, S. aureus,
S. typhimurium, L. monocytogenes, and P. aeruginosa treated with 405 nm and
520 nm LEDs at 4, 10, and 25 °C. A more recent work by Kumar et al. (2016)
modeled the inactivation curves of L. plantarum, S. aureus, and V. parahaemolyticus,
while other studies described the susceptibility of L. monocytogenes, B. cereus,
S. aureus, S. typhimurium, and E. coli O157:H7 to 405-nm LED treatments using the
Weibull model (Kim et al. 2015, 2016a). Since the above were in vitro studies, more
inactivation studies should be conducted on food systems, as well as packaging and
contact surfaces.

Despite the success of using LEDs directly to perform PDI, this method may not
be as effective as PDI using exogenous photosensitizers. For instance, a dosage of
185 Jem 2 was required to inactivate L. monocytogenes in vitro using a blue LED
at 405 nm (Endarko et al. 2012), whereas 36 Jem 2 was sufficient for a 7 log
inactivation when treating a thermo resistant L. monocytogenes 56 Ly strain in vitro
using sodium chlorophyllin (Na—Chl) as a photosensitizer (Luksiene et al. 2010).
Nevertheless, PDI through endogenous photosensitizers is probably more desirable
as the treatment does not require any photosensitizing additive to function properly.
Furthermore, there is still very little data available on the consequence of adding
photosensitizers to the acceptability of foods from the consumer’s point of view.
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9.4.3 UV LEDs

UV radiation can be classified based on its wavelength range: a wavelength range of
200-280 nm is assigned UV-C; 280-315 nm is assigned UV-B, while 315-400 nm
is assigned UV-A. UV radiation in general has a damaging effect on DNA repli-
cation and transcription. Direct exposure to UV-C or UV-B results in the inacti-
vation of a variety of microorganisms, such as bacteria, viruses, fungi, protozoa,
and several other pathogenic and parasitic organisms (Lui et al. 2014). Normally,
mercury tube lamps are used to produce UV-C radiation for bactericidal purposes.
In contrast, UV LEDs offer more preferable features compared to mercury tube
lamps. UV LEDs have the ability to produce quick pulses with no warm-up time.
Chips of various wavelengths can be constructed, as opposed to specifically fixed
wavelengths of the mercury tube lamps, which usually have a peak of 254 nm.
Most importantly, it contains no toxic mercury (Lui et al. 2014). Obviously, they
also provide the common physical benefits of LEDs such as durability and space
efficiency. Producing UV LEDs that match the efficiency of mercury tube lamps is
technically challenging, but the technology is developing rapidly and is predicted to
surpass mercury tube technology in the near future.

Even so, there are several studies investigating the effectiveness of direct exposure
of UV radiation using UV LEDs. A UV-A LED system constructed by Hamamoto
et al. (2007) could inactivate foodborne pathogens including V. parahaemolyticus,
S. aureus, S. enteritidis, and an entero-pathogenic E. coli (EPEC) strain in vitro. The
LEDs produced UV-A radiation at 70 m Wem 2 at 25 °C and inactivated up to 5-6
log cycles of the bacteria within 150 min. The most susceptible bacteria was
V. parahaemolyticus, which went through 6 log reductions to below detection levels
within 20 min, whereas EPEC and S. aureus were inactivated below detection limits
within 60 min. The least susceptible was S. enteritidis, which was inactivated by 5 log
cycles after 150 min. Higher levels of 8-hydroxy-2'-deoxyguanosine indicated that
UV-A LED treatment resulted in greater oxidative damage to DNA than did UV-C
radiation from a low-pressure mercury lamp. However, lower levels of cyclobutane
pyrimidine dimer indicated that UV-A LED treatment resulted in less direct DNA
damage than from UV-C radiation.

UV-C radiation is most preferred in sterilizing food systems, and its bactericidal
effect is well known (Shama 2014). A study showed that a 266-nm UV LED was
more efficient at inactivating 3 strains each of E. coli O157:H7, S. typhimurium, and
L. monocytogenes, in vitro, than a conventional mercury lamp with a peak wave-
length of 254 nm, resulting in as high as 6 log reductions at dosages of
0.7 m J cm™? (Kim et al. 2016b). According to the authors, UV lamps are point
sources whereas UV LEDs have a planar configuration and hence emit light in a
linear fashion toward the target area. Therefore, when both sources are activated
from the same height and with the same irradiance, the target area receives a smaller
intensity from UV lamps than compared to UV LEDs. Also, it must be noted that
the UV lamp was covered with 52 layers of polypropylene film to reduce the
intensity to match the lower intensities of the UV LEDs. This means that since UV
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lamps have much greater intensities, treatment times will be much lower than UV
LEDs for the same magnitude of microbial inactivation, owing to the limited
irradiance of UV LEDs at this current point in time. Even so, UV LEDs in the
experiment were still able to cause 6 log reductions to occur, meaning that they
would be practical for most sterilization situations.

UV LEDs are also capable of producing pulses of UV radiation. Pulsed UV-A
LED with a maximum irradiance of 0.28 mWcem 2 and a frequency of 100 Hz
reduced biofilm populations of E. coli by 99% after a 60-min treatment (Li et al.
2010). Moreover, pulsing has the added advantage of lower energy consumption.
Wengraitis et al. (2013) exposed E. coli to several pulsed-light treatments from a
UV-C LED, with varying duty cycles and repetition rate frequencies. Pulsed-light
treatments ranging from 0.5 to 50 Hz at a 10% duty cycle were the most
energy-efficient, at a power consumption of 204 mW. On the basis of log reduction
per unit energy consumed, the treatments were approximately twice as efficient
compared to continuous irradiation, as well as 20 times more efficient compared to
pulsed Xenon light.

9.4.4 Photocatalytic Oxidation Using LEDs

While UV-C LED irradiation is a good method of decontamination, UV-A is not as
potent as UV-C, but combining UV-A radiation with photoactive nanoparticles
results in photocatalytic oxidation, which increases the potency of UV-A radiation
(Chawengkijwanich and Hayata 2008; Othman et al. 2014). Photocatalytic oxida-
tion occurs when radiation close to the UV range (usuallyUV-A radiation at
365 nm) is irradiated onto a photoactive inorganic nanoparticle materials such as
titanium dioxide (TiO,), zinc oxide (ZnO), and other types of materials such as
silver-titanium oxide hybrids (de Azeredo 2013). Irradiation with UV-A promotes
an electron in the material’s valence band to the conduction band, leading to ROS
generation and subsequent inactivation of surrounding microbes such as E. coli,
S. aureus, P. aeruginosa, Enterococcus faecium, Salmonella Choleraesuis subsp.,
V. parahaemolyticus, L. monocytogenes, and various other spoilage bacteria which
have been experimentally investigated using non-LED sources (Kim et al. 2003;
Kiihn et al. 2003; Li et al. 2009; Sung et al. 2013). The main cause of death is
considered to be lipid peroxidation of polyunsaturated fatty acids in cell membranes
caused by ROS attack, as well as other subsequent causes such as peptidoglycan
damage, enzyme and coenzyme inactivation, and nucleic acid destruction
(Dalrymple et al. 2010).

There are currently several studies using UV-A LEDs as a source of irradiation
for photocatalytic oxidation, and most of such studies focus on water purification
(Izadifard et al. 2013). In one study, UV-A LED irradiation on TiO, film inactivated
a UV-resistant strain of E. coli by 4 log cycles (Xiong and Hu 2013), and in
another, UV-A LED irradiation on TiO,-coated surfaces reduced the concentration
of micropollutants in potable water (Autin et al. 2013). There is existing evidence
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showing the effectiveness of using UV-A radiation together with food packaging
incorporating suitable photoactive nanoparticles. Several experiments investigating
the effect of irradiating lettuce enclosed in TiO,-coated packaging using UV-A
lamps or fluorescent sources have shown that E. coli populations can be success-
fully reduced (Chawengkijwanich and Hayata 2008; Othman et al. 2014). To test
the potential of using this strategy on surfaces, TiO, paste was used to inactivate
L. monocytogenes biofilms on stainless steel and glass materials using UV-A lamps
(Chorianopoulos et al. 2011).

A study by Aponiene and Luksiene (2015) attempted an innovative combination
of PDI and photocatalytic oxidation using a violet LED (405 nm), chlorophyllin,
and ZnO nanoparticles to inactivate E. coli O157:H7 in vitro. In addition, the
sequence of adding the photoactive ingredients into the bacterial suspension during
the dark incubation, prior to photoirradiation, was investigated. Interestingly, it was
found that adding both chlorophyllin and ZnO together into the bacterial suspension
prior to irradiation was not as effective as adding ZnO first, followed by chloro-
phyllin. The simultaneous addition of ZnO and chlorophyllin resulted in an
approximate reduction of 2.7 log CFU mL™'. In contrast, the addition of chloro-
phyllin for 15 min followed by ZnO (followed by further dark incubation of
15 min) resulted in a reduction of around 3 log CFU mL™", whereas performing the
addition in the reverse order (i.e., ZnO followed by chlorophyllin) resulted in the
greatest reduction of around 4.5 log CFU mL™". The reason for this was attributed
to the initial electrostatic interactions of ZnO nanoparticles with the negatively
charged cell membranes of the bacteria, after which negatively charged chloro-
phyllin bound to ZnO, hence increasing the overall interactions between the bac-
terial cell membrane and photoactive ingredients. The overall benefit of this method
is that since PDI is less effective on Gram-negative species, a combination of PDI
and photocatalytic oxidation could synergistically increase the success of inacti-
vating such species.

9.4.5 Effect of PDI Treatments Using LEDs on Food
Products

Recently, more studies using LEDs have been performed on real food matrices to
understand their efficacy in inactivating bacteria inoculated on the surfaces of
various types of foods. Table 9.3 shows a summary of PDI treatments using
exogenous photosensitizers on foods.

In fruits and vegetables, reductions of around 2 log cycles of bacteria in an
approximate time frame of up to an hour were generally reported. For example,
treating apricots, plums and cauliflowers inoculated with B. cereus with hypericin
as a photosensitizer, and a green LED (585 nm) light with an irradiance of
3.84 mWem 2 led to a significant decrease of the bacterial population after only
30 min of irradiation (Aponiene et al. 2015). Similarly, treating strawberries that
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