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ABSTRACT 

 

CHARACTERIZATION OF PLANT GROWTH UNDER SINGLE-WAVELENGTH 

LASER LIGHT USING THE MODEL PLANT ARABIDOPSIS THALIANA 

Amanda Ooi 

 

Indoor horticulture offers a promising solution for sustainable food production and 

is becoming increasingly widespread. However, it incurs high energy and cost 

due to the use of artificial lighting such as high-pressure sodium lamps, 

fluorescent light or increasingly, the light-emitting diodes (LEDs). The energy 

efficiency and light quality of currently available lighting is suboptimal, therefore 

less than ideal for sustainable and cost-effective large-scale plant production. 

Here, we demonstrate the use of high-powered single-wavelength lasers for 

indoor horticulture. Lasers are highly energy-efficient and can be remotely guided 

to the site of plant growth, thus reducing on-site heat accumulation. Besides, 

laser beams can be tailored to match the absorption profiles of different plants. 

We have developed a prototype laser growth chamber and demonstrate that 

laser-grown plants can complete a full growth cycle from seed to seed with 

phenotypes resembling those of plants grown under LEDs. Importantly, the 

plants have lower expression of proteins diagnostic for light and radiation stress. 

The phenotypical, biochemical and proteomic data show that the single-

wavelength laser light is suitable for plant growth and therefore, potentially able 
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to unlock the advantages of this next generation lighting technology for highly 

energy-efficient horticulture. Furthermore, stomatal movement partly determines 

the plant productivity and stress management. Abscisic acid (ABA) induces 

stomatal closure by promoting net K+-efflux from guard cells through outward-

rectifying K+ (K+
out) channels to regulate plant water homeostasis. Here, we show 

that the Arabidopsis thaliana guard cell outward-rectifying K+ (ATGORK) channel 

is a direct target for ABA in the regulation of stomatal aperture and hence gas 

exchange and transpiration. Addition of (±)-ABA, but not the biologically inactive 

(−)-isomer, increases K+
out channel activity in Vicia faba guard cell protoplast. A 

similar ABA-modulated K+ channel conductance was observed when ATGORK 

was heterologously expressed in human embryonic kidney 293 (HEK-293) cells. 

Alignment of ATGORK with known PYR/PYL/RCARs ABA receptors revealed 

that ATGORK harbors amino acid residues that are similar to those at the latch-

like region of the ABA-binding sites. In ATGORK, the double mutations K559A 

and Y562A at the predicted ABA-interacting site impaired ABA-dependent 

channel activation and reduced the affinity for ABA in vitro.  



 6 

ACKNOWLEDGEMENTS 

 

Firstly, I would like to thank King Abdullah University of Science and Technology 

(KAUST) for providing me the opportunity to conduct this exciting research 

project and to gain invaluable knowledge, skills and experience under the 

tutelage of Prof. Christoph Gehring, Prof. Boon S. Ooi and Prof. Liming Xiong. I 

would like to express my sincere gratitude to my advisors for their continuous 

support, guidance, motivation and advice that spurred me to attempt the many 

challenges throughout my Ph.D. with a positive attitude and a strong character. 

I would also like to thank the rest of my thesis committee: Prof. Satoshi Habuchi 

and Prof. Helen Irving for examining this Ph.D. thesis and for their insightful and 

helpful feedback, comments and/or suggestions, which incented me to widen my 

research from various perspectives. 

I would like to specially thank Dr. Fouad Lemtiri-Chlieh, Dr. Altan Sharkhuu, Dr. 

Claudius Marondedze, Dr. Tien Khee Ng, Dr. Aloysius Wong and Dr. Luke Esau 

for their precious support, encouragement and patience in teaching, supervising 

and guiding me at various stages of the Ph.D. Many thanks also for their advice, 

feedback, suggestions and/or comments, which have made this research project 

more focused and solid.  

Last but not the least, I would like to thank my family, friends, fellow labmates 

and staff from the Bioscience Core Lab for providing continuous support and 

encouragement throughout the duration of my Ph.D. study.  



 7 

TABLE OF CONTENTS 
 

Examination committee page 2 

Copyright page 3 

Abstract 4 

Acknowledgements 6 

Table of contents 7 

List of abbreviations 13 

List of figures 15 

List of tables 18 

 

Chapter 1      Project summary & literature review 20 

1.0       Project summary 20 

1.1       Literature review 25 

1.1.1    Artificial lighting in horticulture: current and emerging technologies 25 

1.1.1.1 Light-emitting diodes (LEDs) 29 

1.1.1.2 Semiconductor lasers  33 

1.1.2    Light perception and signaling in plants 38 

1.1.3    Plant photosynthesis and its regulatory machinery 45 

1.1.4    Light-dependent regulation of stomatal movement 52 

1.1.5    ABA signaling in guard cells 58 

1.1.6    The role of ABA in regulation of stomatal movements 63 

1.1.6.1 Function of GORK in stomatal closure and plant transpiration 70 

1.2       Research aims  72 

1.3       References 75 

 



 8 

Chapter 2      Design and assembly of a laser-illuminated plant 
growth chamber 

89 

2.0       Abstract 89 

2.1       Introduction 90 

2.2       Materials and methods 93 

2.2.1    Design, assembly and installation of a laser illumination system 93 

2.2.2    Measurement of irradiance spectra of laser light regime 95 

2.2.3    Optimization of spectral composition for growth of Arabidopsis 
thaliana using LEDs 

95 

2.2.4    Measurement of physical parameters 97 

2.2.4.1 Soil-based phenotypic analysis 97 

2.2.4.2 Agar-based phenotypic analysis 98 

2.2.4.3 Shoot fresh and dry mass 99 

2.2.5    Biochemical measurements 99 

2.2.5.1 Total chlorophyll and carotenoid contents 99 

2.3       Results and discussion 100 

2.3.1    A laser-illuminated plant growth chamber prototype 100 

2.3.2    Spectral composition and chromaticity diagram of cool-white 
fluorescent and red and blue laser light 

105 

2.3.3    Seedling development of Arabidopsis thaliana under different 
regimes of LEDs for optimization of spectral composition 

108 

2.3.4    Physical characterization of plants grown under a 9:1 ratio of red 
and blue LED light 

111 

2.3.4.1 Soil-based phenotypic analysis 111 

2.3.5    Biochemical characterization of plants grown under a 9:1 ratio of 
red and blue LED light 

113 

2.4       Conclusion 115 

2.5       References 116 

 



 9 

Chapter 3      Growth and development of Arabidopsis thaliana 
under single-wavelength red and blue laser light 

119 

3.0       Abstract 119 

3.1       Introduction 120 

3.2       Materials and methods 124 

3.2.1    Plant material and growth conditions 124 

3.2.2    Physical measurements 125 

3.2.2.1 Soil-based phenotypic analysis 125 

3.2.2.2 Phenotypic analysis of plants grown on agar 126 

3.2.2.3 Shoot fresh and dry mass 126 

3.2.2.4 Leaf diameter and surface area 127 

3.2.2.5 Water loss measurement 127 

3.2.3    Biochemical measurement 128 

3.2.3.1 Total chlorophyll and carotenoid contents 128 

3.2.4    Gene expression study 128 

3.2.4.1 RNA extraction and cDNA synthesis 128 

3.2.4.2 Determination of photosynthetic and light stress-related gene 
expression by semi-quantitative RT-PCR 

130 

3.2.5    Comparative proteome analysis 131 

3.2.5.1 Total protein extraction 131 

3.2.5.2 Protein digestion and iTRAQ labeling 131 

3.2.5.3 Strong cation exchange fractionation of peptide mixture 132 

3.2.5.4 Mass spectrometric analysis using liquid chromatography-tandem 
mass spectrometry (LC-MS/MS) 

133 

3.2.5.5 Data analysis 134 

3.2.6    Statistical analysis 135 

3.3       Results and discussion 136 



 10 

3.3.1    Physical characterization of plants grown under laser light 136 

3.3.1.1 Soil-based phenotypic analysis 136 

3.3.1.2 Phenotypic analysis of agar-grown plants 145 

3.3.2    Biochemical characterization of plants grown under laser light 151 

3.3.3    Transcriptional responses of photosynthetic and light stress 
marker genes 

153 

3.3.4    The proteome of plants grown under laser light 157 

3.4       Conclusion 165 

3.5       References 166 

 

Chapter 4      ABA directly modulates a guard cell outward-rectifying 
K+-channel to promote stomatal closure 

173 

4.0       Abstract 173 

4.1       Introduction 174 

4.2       Materials and methods 177 

4.2.1    Preparation of guard cell protoplasts 177 

4.2.2    Design of plasmid constructs for transient expression of ATGORK 
and site-directed atgork mutant in HEK-293 cells  

177 

4.2.3    Cloning, transformation and plasmid purification  179 

4.2.4    Growth and maintenance of the HEK-293 cell line 180 

4.2.5    Transient transfection and heterologous expression of ATGORK 
and site-directed atgork mutant in HEK-293 cells 

181 

4.2.6    In vivo fluorescence labeling, imaging and quantification 182 

4.2.7    RNA extraction, cDNA synthesis and determination of ATGORK 
expression by semi-quantitative RT-PCR 

184 

4.2.8    Current-voltage recording and analysis 185 

4.2.9    Statistical analysis 186 

4.3       Results and discussion 187 



 11 

4.3.1    Patch clamp characterization of the K+
out channel in Vicia faba 

guard cells  
187 

4.3.2    ABA increases the open probability of the K+
out channel in Vicia 

faba guard cells in a membrane-delimited pathway 
190 

4.3.3    Heterologous expression of ATGORK and site-directed atgork 
mutant in HEK-293 cells 

192 

4.3.3.1 An ATGORK-cLumioTM tag fusion has lower transfection 
efficiency than ATGORK-EmGFP  

193 

4.3.3.2 Assessment of commonly used transfection reagents 201 

4.3.3.3 Comparison of different transfection protocols 204 

4.3.3.4 An optimized protocol for the expression of ATGORK in HEK-293 
cells for current-voltage measurements 

207 

4.3.4    ABA directly modulates the conductance of ATGORK channel 211 

4.4       Conclusion 216 

4.5       References 217 

 

Chapter 5      ATGORK harbors a predicted ABA-interacting domain 223 

5.0       Abstract 223 

5.1       Introduction 224 

5.2       Materials and methods 228 

5.2.1    Homology modeling of ABA-ATGORK interaction 228 

5.2.2    Molecular docking of ABA-ATGORK interaction 229 

5.2.3    Bioinformatics and structural analyses of the recombinant 
ATGORK440-672 protein 

229 

5.2.4    Cloning, transformation and purification of the recombinant 
pDEST17-ATGORK440-672 gene construct 

230 

5.2.5    Expression and purification of the ATGORK440-672 recombinant 
protein 

233 

5.2.5.1 Expression of recombinant ATGORK440-672 in E. coli 233 



 12 

5.2.5.2 Affinity purification of His-tagged proteins 234 

5.2.5.3 Analyses of purified recombinant ATGORK440-672 236 

5.2.6    Cloning, expression and purification of site-directed atgork mutant 239 

5.2.7    Immunoassay characterization of ABA-ATGORK interaction  239 

5.2.8    Statistical analysis 241 

5.3       Results and discussion 241 

5.3.1    Building 3D models for recombinant ATGORK440-672 protein 241 

5.3.2    Evaluation of ABA-ATGORK interaction by docking simulations 246 

5.3.3    Cloning, expression and purification of recombinant ATGORK440-
672 and its site-directed mutant proteins 

248 

5.3.4    Recombinant ATGORK440-672 has affinity for ABA in vitro 252 

5.4       Conclusion 255 

5.5       References 256 

 

Chapter 6     Conclusions 260 

6.1       References 266 

 

  



 13 

LIST OF ABBREVIATIONS 

 

3D Three-dimensional 
AA Amino acid 
ABA Abscisic acid 
APS Ammonium persulfate 
ATGORK Arabidopsis thaliana guard cell outward-rectifying K+ channel 
ATP Adenosine 5’-triphosphate 
bp Base pair 
BSA Bovine serum albumin 
cDNA Complementary deoxyribonucleic acid 
Col-0 Ecotype Columbia-0 
DPSS Diode-pumped solid-state lasers 
ELISA Enzyme-linked immunosorbent assay 
EmGFP Emerald green fluorescent protein  
FPLC Fast protein liquid chromatography 
GO Gene ontology 
GORK Guard cell outward-rectifying K+ channel 
HEK-293 Human embryonic kidney 293 cells 
iTRAQ Isobaric tag for relative and absolute quantitation  
kDa Kilo Dalton 
K+ Potassium 
K+

in Inward-rectifying potassium K+-channel 
K+

out Outward-rectifying potassium K+-channel 
LB Lysogeny broth 
LC-MS/MS Liquid chromatography-tandem mass spectrometry 
LD Laser diode 
LEDs Light-emitting diodes 
LHC Light-harvesting complex 
mRNA Messenger ribonucleic acid 
MS Mass spectrometry 
NDSB Non-detergents sulfobetaines 
nm Nanometer 
PAR Photosynthetic active radiation 
PCE Power conversion efficiency 
PCR Polymerase chain reaction 
PDB Protein data bank 
PEG Polyethylene glycol 
PPFD Photosynthetic photon flux densities 
PP2C Protein phosphatase 2C 
RB Red and blue  
RNA Ribonucleic acid 
RT-PCR Reverse transcription polymerase chain reaction 



 14 

SDS Sodium dodecyl sulphate 
SDS-PAGE  Sodium dodecyl sulphate polyacrylamide gel electrophoresis 
SEM Standard error of the mean 
SSL Solid-state lighting 
TAIR The Arabidopsis information resource 
TEMED 1,2-Bis(dimethylamino)ethane 
 

  



 15 

LIST OF FIGURES 

 

Chapter 1 Project summary & literature review  
Figure 1.1 Currently used artificial lighting systems in plant 

cultivation.  
26 

Figure 1.2 Main advantages and potential applications of single-
wavelength laser light for plant cultivation  

36 

Figure 1.3 Plant photosynthetic action and absorption spectra of 
light-absorbing antennal pigments 

39 

Figure 1.4 The spectral photon irradiance of natural-light 
environments and the corresponding spectrum for 
activation and inactivation of photoreceptors  

41 

Figure 1.5 Plant photosynthesis pathway 46 
Figure 1.6 Mechanisms of blue-light induced stomatal opening 54 
Figure 1.7 Blue-light signaling in guard cells 56 
Figure 1.8  ABA biosynthesis and signaling pathways 61 
Figure 1.9  Role of ion channels and transporters in regulation of 

stomatal movements 
64 

Figure 1.10 ABA-dependent diurnal regulation of stomatal movements 66 
Chapter 2 Design and assembly of a laser-illuminated plant 

growth chamber 
 

Figure 2.1 A laser-illuminated plant growth chamber prototype 104 
Figure 2.2 Beneficial attributes of laser technology for horticultural 

applications 
105 

Figure 2.3 Spectral composition and chromaticity diagram of cool-
white fluorescent and red and blue laser light 

107 

Figure 2.4 Seedling emergence of Arabidopsis thaliana under 
different regimes of LEDs for optimization of spectral 
composition 

110 

Figure 2.5 Morphology of plants grown under a 9:1 ratio of red and 
blue LED light 

112 

Figure 2.6 Fresh and dry weights of Arabidopsis plants grown under 
a 9:1 ratio of red and blue LED light 

113 

Figure 2.7 Total chlorophyll and carotenoid quantification of 
Arabidopsis plants grown under LEDs regime 

114 

Chapter 3 Growth and development of Arabidopsis thaliana 
under single-wavelength red and blue laser light 

 

Figure 3.1 Plants grow healthily under diffused single-wavelength 
red and blue laser light 

141 

Figure 3.2 Phenotypic characterization of plants grown under laser 
light 

142 

   
   



 16 

Figure 3.3 Measurement of fresh and dry weights of Arabidopsis 
plants exposed to a continuous (RB) laser light for seven 
days 

143 

Figure 3.4 Transpirational water loss of detached leaves from laser-
grown plants 

144 

Figure 3.5 Seedling emergence and root development of plants 
grown under red and blue laser or LEDs 

149 

Figure 3.6 Growth and development of laser-treated offspring 150 
Figure 3.7 Total chlorophyll and carotenoid quantification of 

Arabidopsis plants grown under laser light 
153 

Figure 3.8 Expression of marker genes implicated in photosynthesis 
and light stress 

156 

Figure 3.9 Comparative proteome analysis of laser-grown 
Arabidopsis plants 

164 

Chapter 4 ABA directly modulates a guard cell outward-
rectifying K+-channel to promote stomatal closure 

 

Figure 4.1 Design of ATGORK (AT5G37500) plasmid construct 179 
Figure 4.2 Voltage- and time-dependent recordings of single voltage-

gated outward-rectifying K+-selective channel in Vicia faba 
guard cell protoplasts 

188 

Figure 4.3 K+
out channels are sensitive to both voltage and external 

K+ concentrations 
189 

Figure 4.4 A membrane-delimited, specific yet reversible effect of 
ABA on Vicia faba guard cells K+

out channels 
191 

Figure 4.5 Transfection and expression efficiencies of ATGORK 
tagged with LumioTM and ATGORK fused with EmGFP in 
HEK-293 cells 

199 

Figure 4.6 mRNA transcript of ATGORK-LumioTM heterologously 
expressed in HEK-293 cells 

200 

Figure 4.7 Comparison of different transfection reagents on the 
transfection and expression efficiencies of ATGORK-
EmGFP in HEK-293 cells 

203 

Figure 4.8 Effect of different transfection methods on the transfection 
and expression efficiencies of ATGORK-EmGFP in HEK-
293 cells 

206 

Figure 4.9 Comparison of different amounts of ATGORK-cLumioTM 
plasmid for transfection 

209 

Figure 4.10 Experimental workflow for heterologous expression of 
ATGORK in HEK-293 cells for electrophysiological 
characterizations 

210 

Figure 4.11 Whole-cell current-voltage measurements of ATGORK-
EmGFP in HEK-293 cells 

214 

Figure 4.12 ABA enhances ATGORK activity in HEK-293 cells 215 
   



 17 

Chapter 5 ATGORK harbors a predicted ABA-interacting 
domain 

 

Figure 5.1 An indirect enzyme-linked immunosorbent assay (ELISA) 
for characterization of ABA-GORK interaction 

240 

Figure 5.2 ATGORK harbors a predicted ABA-interacting domain 244 
Figure 5.3 3D homology model of the ATGORK protein 245 
Figure 5.4 Secondary structure determination of ATGORK440-672 by 

fold recognition 
245 

Figure 5.5 Assessment of the ABA-ATGORK interaction by 
molecular docking 

247 

Figure 5.6 Agarose gel electrophoresis analysis of the ATGORK440-

672 clone 
249 

Figure 5.7 SDS-PAGE profiles of recombinant ATGORK440-672 
purified under denaturing conditions 

251 

Figure 5.8 BSA standard curve for determination of protein 
concentration by Bradford assay 

252 

Figure 5.9 Immunoassay characterization of ABA-ATGORK 
interaction 

254 

Chapter 6 Conclusion  
Figure 6.1 A model of the role of ABA-dependent activation of GORK 

in stomatal closure 
265 

  



 18 

LIST OF TABLES 

 

Chapter 1 Project summary & literature review  
Table 1.1 Characteristics of the current and emerging indoor lighting 

technologies for horticultural application 
28 

Table 1.2 Effect of monochromatic red and blue LEDs illumination 
towards the growth and development of green vegetables 

31 

Table 1.3 Application of laser technology as supplementary lighting 
for plant growth. 

37 

Table 1.4 Photoreceptors: Chromophore photochemistry properties 
and their functions 

43 

Table 1.5 Functions of photosynthetic and light stress marker genes 49 
Chapter 2 Design and assembly of a laser-illuminated plant 

growth chamber 
 

Table 2.1 Different LEDs light regime for optimization of spectral 
composition 

97 

Chapter 3 Growth and development of Arabidopsis thaliana 
under single-wavelength red and blue laser light 

 

Table 3.1  Primers and PCR conditions 129 
Table 3.2 List of differentially expressed proteins in laser-grown 

plants 
161 

Chapter 4 ABA directly modulates a guard cell outward-
rectifying K+ channel to promote stomatal closure 

 

Table 4.1 Lipid-mediated transient transfection experimental 
parameters and conditions 

182 

Table 4.2 Primers and PCR conditions 184 
Table 4.3 Experimental considerations for the expression of 

ATGORK channel in HEK-293 cells 
208 

Chapter 5 ATGORK harbors a predicted ABA-interacting 
domain 

 

Table 5.1 Primers and PCR conditions 233 
 

  



 19 

CHAPTER 1 

 

PROJECT SUMMARY & LITERATURE REVIEW 

 

1.0 Project Summary 

 

Food security is a pressing issue in many “horticultural unfriendly’ regions and is 

constantly threatened by the consequence of climate change. The increasing 

world population projected to reach 9.7 billion people in the next 35 years further 

compounds this issue. Also, limited geographical distribution of global arable land 

suitable for crop cultivation and water availability have adversely affect 

agricultural activity. Saudi Arabia for instance, has only 1% of arable land in 

addition to a very limited water resource essential for agricultural activity. 

 

One of the more successful approaches for sustainable food production is indoor 

horticulture, particularly appealing to ‘horticultural unfriendly’ regions that 

experience water scarcity, have limited areas of arable land resulting from urban 

development or climate change or receive inhospitable amounts of natural 

sunlight that are not conducive for agricultural activity due to their geographical 

locations (e.g. in boreal and temperate climate zones with very limited year-round 

daylight)	 (Vanninen et al., 2010, Darko et al., 2014). Unaffected by weather 

conditions or land availability, indoor horticulture allows plant cultivation to be 
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carried out all-year-round in a highly controlled growth environment for optimal 

plant productivity	(Moe et al., 2006). Another main advantage of this approach is 

that it can potentially save up to 90% of water consumption in an enclosed 

environment. This water is usually lost through evaporation in open field farming.  

 

The use of artificial lighting in indoor plant cultivation, either as the primary or the 

supplementary light sources in place of natural sunlight allows light regime to be 

manipulated in a regulated fashion in highly controlled growth environments for 

year-round plant production with improved productivity and quality. Commercial 

indoor farming relies heavily on horticultural lighting employing conventional 

broad-spectrum sources such as the incandescent and metal halide light bulbs, 

gas discharge fluorescent lamps and increasingly, the narrow spectrum light-

emitting diodes (LEDs). These currently used lighting technologies, however, are 

still energy-inefficient and have suboptimal light qualities that are not ideal for 

plant growth. Therefore, there is still much improvement needed to increase the 

electrical-to-optical power conversion efficiency of current lighting systems to 

achieve high photosynthetic photon flux densities (PPFD) with optimal spectral 

quality for highly energy-efficient plant cultivation. Furthermore, these light 

sources also incur high energy and costs, particularly for the extensive cooling 

required to offset the high heat radiant output that in turn renders them unsuitable 

for cost-effective large-scale plant production.  
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Here, we demonstrate the use of single-wavelength laser lights employing the 

highly energy efficient diode-pumped solid-state (DPSS) lasers as artificial 

luminaires for indoor plant cultivation. Laser light promises unparalleled 

advantages over existing illumination technologies for indoor plant production not 

least because they are highly energy-efficient and unlike current light sources, 

lasers can be remotely installed and guided to the site of plant growth thus 

reducing on-site heat accumulation and water loss through evaporation	 (Fan et 

al., 2015,	Neumann et al., 2011). Furthermore, individual single-waveband laser 

beams can be customized to specifically match the absorption profiles of different 

plants and for their respective growth phases to enhance economically relevant 

plant traits and yields. Despite the attractive economic potential and benefits of 

laser light, the use of laser technologies for plant cultivation is still only in its early 

stages. 

 

We hypothesize that by providing optimized spectral output that matches the 

photosynthetic absorption peaks, the laser illumination system is suitable for 

plant growth and development and can avoid energy wastage that is contributed 

by the reflectance of photosynthetically inefficient light qualities thereby 

optimizing plant productivity. As such, the project presented here aims to study 

the influence of single-wavelength red and blue laser light on the growth and 

development of model plant Arabidopsis thaliana (ecotype Col-0). In this study, 

we have designed and developed a prototype laser growth chamber by 
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introducing two photosynthetic dominant wavelengths; red and blue coherent 

DPSS laser sources at 671 nm and 473 nm respectively. We demonstrate that 

plants grown under the laser light regime consisting of a 9:1 ratio of red (671 

nm):blue (473 nm) lasers at an average PPFD of 90-100 μmol m-2 s-1 can 

complete a full growth cycle from seed to seed with phenotypes resembling those 

of plants grown under LEDs reported previously. Importantly, the plants have 

lower expression of proteins diagnostic for light and radiation stress.  

 

In addition to characterizing the laser-grown plants at phenotypical, biochemical 

and cellular level, we also look at the regulation of stomatal movement in 

response to single-wavelength light by investigating at a molecular level on how 

this laser light regime affects the overall health of the plant. Stomatal movements 

are a major indicator of plant productivity and stress responses. Regulation of 

stomatal aperture enables plant to adapt to changes in environmental conditions 

by maintaining the balance between atmospheric CO2 up-take for photosynthetic 

carbon fixation and preventing excessive transpirational water loss. Therefore, 

the control of guard cell aperture is the key to achieving plant water homeostasis. 

Guard cells are well-established system for dissecting the functions of individual 

genes and proteins within signaling cascades because guard cells directly 

regulate carbon dioxide uptake and water loss and thereby critically affect the 

broader plant growth and physiological processes. These sensory cells are 
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known to perceive and to respond to a myriad of signals including light and CO2	

(Finkelstein, 2002,	Schroeder et al., 2001a). 

 

The plant hormone abscisic acid (ABA) has key regulatory roles in growth and 

development and accumulates in response to abiotic and biotic stresses, which in 

turn activate the ABA signaling cascade that leads to the expression of ABA-

activated stress-responsive genes and changes in stomatal aperture (Yamazaki 

et al., 2003, Raghavendra et al., 2010). While ABA-dependent phosphorylation/ 

dephosphorylation of ion channels has been either demonstrated or suggested 

(Lim et al., 2012, Yin et al., 2013, Lefoulon et al., 2016), there is no indication that 

ABA may directly modulate ion channel activity. These membrane-spanning 

channels are responsible for ion and water exchange in the guard cell that drives 

the stomatal movements. Here, we will investigate the interaction between light-

dependent regulation of stomatal movements and plant hormone ABA, 

specifically probing the role and mechanisms of ABA towards the outward-

rectifying K+-channel (K+
out). The Arabidopsis thaliana guard cell outward-

rectifying K+-channel (ATGORK) (AT5G37500) has previously shown to be 

essential for stomatal closure by promoting net K+-efflux from guard cells. Here, 

we demonstrate that ABA can directly enhance K+ transport through GORK and 

this constitutes a novel way to close stomata. 
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In summary, the fundamental biological data presented in this study serves as a 

platform for the development of next generation lighting technology to be 

harnessed for highly energy-efficient plant cultivation. This study also advances 

the understanding of ABA-mediated light signaling that is crucial for plant 

responses to environmental stresses such as light, water and salinity. The 

broader long-term goal is to translate laser technologies into a vertical 

horticulture setting for large-scale plant factories, which will eventually contribute 

to sustainable food production to ‘feed the world’ thereby addressing at least to a 

certain degree, global food security. 

 

1.1 Literature review 

 

1.1.1 Artificial lighting in horticulture: current and emerging technologies 

 

Artificial lighting can be used solely as a primary source in indoor crop cultivation 

or as additional/supplementary lighting in greenhouses in place of natural 

sunlight. In recent years, lighting technologies for indoor cultivation of plants have 

seen a transition from the traditional high-pressure sodium lamps and fluorescent 

tubes to LEDs. This is due in part to the economic benefits such as high energy-

efficiency, longer lifetimes and lower heat generation of LEDs (Figure 1.1) 

(Morrow, 2008, Darko et al., 2014, Janda et al., 2015). 
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Figure 1.1 Currently used artificial lighting systems in plant cultivation. A transition 
from the traditional incandescent lamp and fluorescent tubes to LEDs as the 
primary or supplementary lighting used in greenhouses or plant factories. 

 

The main disadvantages of using high intensity discharge lamps, such as the 

metal halide and high-pressure sodium lamps in horticulture are the high radiant 

heat accumulation in the plant growth environment, inconsistent spectral quality 

that is largely dependent on the input power and predominates at the green-

yellow spectrum with significant ultraviolet radiation that is not ideal for optimal 

plant growth productivity and also an elevated arc to fire energy requirement 

(Tamulaitis et al., 2005). Despite the major drawbacks, these conventional 

lighting systems are still largely used in the greenhouses and plant growth rooms 

due to their relatively low installation costs and high fluence and photosynthetic 

active radiation (PAR) efficiency at the maximum rate of 200 lumens per watt and 

40% respectively (Darko et al., 2014). Besides generating a high amount of heat, 
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the overall spectral quality and quantity of cool-white fluorescent lamps with 

enhanced blue and red spectra for high plant productivity are still relatively 

inefficient as compared to the LEDs. These drawbacks are mainly attributed to 

the light emission characteristics of the lamps that generate several discrete 

wavelengths ranging from 350-750 nm in all directions and do not match the 

absorption profile of the plant photosynthetic apparatus and hence, decrease the 

PAR efficiency. Traditional light sources in general generate a large amount of 

heat which in turn contribute to overall energy consumption of the whole plant 

growth system due to the additional issues relating to regulation of air-flow, 

humidity and irrigation	(Janda et al., 2015).  

 

Recent advancement in solid-state lighting (SSL) technologies has resulted in a 

significant contribution to the development of horticultural illuminants, such as the 

use of LEDs to replace the conventional gaseous discharge-type of lamps for 

indoor plant cultivation in highly controlled environments and for space-based 

plant growth systems in NASA’s Advanced Exploration Systems Habitation 

Projects (for review see Kim et al., 2004, Massa et al., 2008, Morrow, 2008). SSL 

broadly refers to semiconductor materials used to convert electricity to light. SSL 

has a longer lifespan than conventional lighting (≥ 50 000 hours for LEDs) (Janda 

et al., 2015). Table 1.1 summarizes the properties and characteristics of selected 

examples of conventional and emerging horticultural lighting systems including 
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the potential application of single-wavelength laser technology for indoor plant 

cultivation. 

 

Table 1.1 Characteristics of the current and emerging indoor lighting technologies 
for horticultural application. 

Light 
source/ 
Features 

Metal halide 
lamps 

High-
pressure 
sodium 
(HPS) lamps 

Fluorescent 
(CWF) tubes 

Light-
emitting 
diodes 
(LEDs) 

Light 
amplification 
by 
stimulated 
emission of 
radiation 
(LASER) 

Wall-plug 
efficiency 

24 % 12-22 % 22 % 40 % >70 % 

Heat 
radiance 

High High High Low Low 

Life span 
(hours) 

15 000-20 
000 

10 000 – 24 
000  

7 000 –  

24 000 

50 000  100 000  

Spectral 
quality 

 

 

 

    

Light 
manipulation 

Fixed Fixed Fixed  Dynamic Highly 
dynamic & 
flexible 

Cost Low Low  Low Low High 

Scalability No No No No Yes 
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1.1.1.1 Light-emitting diodes (LEDs) 

 

LEDs are the dominant type of SSL, consisting of layers of semiconducting 

materials that emit light through spontaneous emission. LEDs are available either 

in the broad range spectrum or in narrow bandwidth monochromatic lights that 

are specifically cater for plant cultivation	 (Bula et al., 1991). Depending on the 

source of the semiconductor material used, LEDs come in a variety of peak 

emission wavelengths, ranging from 250 nm to 1000 nm (Bourget, 2008). This 

enables control of light intensity and spectral composition that are well suited to 

the plant photoreceptors for optimal plant productivity (Morrow, 2008). Hence, the 

advancement in LED technology, in addition to their reduced production costs, 

has brought several key advantages to indoor plant cultivation. 

 

Besides their long life expectancy (≥ 50 000 hours) and low operating 

temperature, the small size of LEDs operate at low voltage direct current (DC) 

and do not contain fragile glasses or mercury, making them safer to handle and 

can be placed in close proximity to the plants in interlighting and intracanopy 

irradiation (Olle and Virsile, 2013,	Yeh and Chung, 2009). LEDs are more energy-

efficient than the conventional incandescent and halogen bulbs due to the higher 

electrical energy to light conversion efficiency. The energy conversion efficiency 

of LEDs approximates up to 40% whereas the traditional incandescent lamps 

generate only 20% of energy efficiency	 (Janda et al., 2015). This renders the 
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conventional horticultural light sources inefficient firstly due to their low light-to-

heat output and secondly due to their suboptimal light qualities for plant growth. 

The development of LED lighting in horticulture represented a breakthrough in 

the quest for sustainable food production as evidenced by the emergence of 

several large-scale plant factories adopting LEDs as the main light source 

including PlantLab (Netherlands), Pasona O2, (Japan) and Urban LED Growth 

(USA). LEDs are also used in space-based horticulture studies in NASA's 

Advanced Exploration Systems Habitation Projects	(Massa et al., 2008).	Despite 

the many advantages of LED application for indoor plant cultivation, the 

electrical-to-optical power conversion of LEDs remains inefficient beyond a 

certain electrical current	(Wierer et al., 2013).  

 

Application of LED lighting in plant growth was first documented in lettuce 

(Lactuca sativa L. cv. Grand Rapids) (Bula et al., 1991), in which the growth and 

development under monochromatic red LED (660 nm) supplemented with blue 

fluorescent lamps (400 – 500 nm) was comparable to that under cool-white 

fluorescent and incandescent lights. Thereafter and concomitant with the 

advancement of LED technology, there has been a surge in interest in the 

application of LED lighting in horticulture (reviewed by Morrow, 2008, Olle and 

Virsile, 2013, Darko et al., 2014,	Singh et al., 2015). A brief review on the effect 

of combination of both red and blue monochromatic LEDs at different wavebands 
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and light intensities for the growth and development of green vegetables is 

summarized in Table 1.2.  

 

Table 1.2 Effect of monochromatic red and blue LEDs illumination towards the 
growth and development of green vegetables.  

Plant species Light and growth 
conditions 

Characteristics of plant 
growth and development 
under LED lighting 

Reference 

Lactuca sativa L. 
Grand Rapids’ 

9:1 ratio of red LED 
(660 nm) & blue 
fluorescent lamp 
(400 – 500 nm) 
versus CWF & 
incandescent lamps 
at total PPFD of 325 
μmol m-2 s-1 under 
16/8 hour 
photoperiod at 20 – 
25 °C at 70% 
humidity 

Higher number of leaf nodes, 
fresh & dry weights. Similar 
leaf shape, colour & texture. 

(Bula et al., 
1991) 

Spinacea oleracea L. 
cv. Nordic IV 

9:1 ratio of red LED 
(660 nm) & blue 
fluorescent lamp 
versus CWF lights at 
total PPFD of 283 
μmol m-2 s-1 at 23 °C 
at 65% humidity 

Reduced chlorophyll level, 
shoot, storage root or root dry 
weights & stomatal 
conductance. 

(Yorio et al., 
2001)  

Lactuca sativa L. 
Grand Rapids’ 

Blue (455 nm), red 
(640 & 660 nm), and 
far-red (735 nm) 
LEDs at 9, 120, 9.4 & 
2.9 μmol m-2 s-1 

respectively versus 
HPS lamps (400 - 
700 nm) at same 
PPFD under 14/10 
hour photoperiod at 
17 – 21 °C.  

Higher leaf area and 
photosynthetic rate. 

(Tamulaitis 
et al., 2005) 

Brassica chinensis L. 7:1 ratio of red (650 
nm) & blue (470 nm) 
LEDs versus HPS 
lamps at total PPFD 
of 391 μmol m-2 s-1 

Similar shoot fresh weight, 
photosynthetic pigment level 
& photosystem II quantum 
yield but lower sugar content, 
root fresh & dry weights. 

(Avercheva 
et al., 2009) 
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Lactuca sativa cv. 
Outredgeous 

9:1 ratio of red (640 
nm) and blue (440 
nm) LEDs versus 
triphosphor 
fluorescent lamps at 
total PPFD of 300 
μmol m-2 s-1 under 
18/6 hour 
photoperiod at 23 °C 
at 65 % humidity 

Leaf expansion. Higher dry 
mass and total anthocyanin 
accumulation.   

(Stutte et al., 
2009)  

Cucumis sativus cv. 
Hoffmann’s Giganta 

Red (638 nm) LED 
supplemented with 
7% of blue (450 nm) 
LEDs versus CWF at 
total PPFD of 100 
μmol m-2 s-1 under 
16/8 hour 
photoperiod at 23 – 
25 °C at 70 % 
humidity 

7% of blue light is sufficient to 
overcome overt dysfunctional 
photosynthesis & to increase 
the photosynthetic capacity 
(Amax) by two fold compared 
to red light alone.  

(Hogewoning 
et al., 2010) 

Lactuca sativa L. cv. 
Banchu Red Fire 

1:1 ratio of red (467 
nm) and blue (655 
nm) LEDs versus 
white fluorescent 
lamp at total PPFD of 
100 μmol m-2 s-1 

under 14 hour 
photoperiod at 23 °C. 

Compact lettuce seedling 
morphology observed with 
higher fresh and dry biomass 
accumulation in the shoot 
and root. Enhanced 
polyphenol and total 
antioxidant content. LED 
treatment prior transplanting 
promotes lettuce growth 
during cultivation in the 
greenhouse under natural 
sunlight supplemented with 
fluorescent light.  

(Johkan et 
al., 2010) 

Brassica campestris 
L. 

8:1 ratio of red (660 
nm) & blue (460 nm) 
LEDs versus 
fluorescent lamps 
(400 – 700 nm) at 
total PPFD of 80 
μmol m-2 s-1 under 12 
hour photoperiod at 
24 – 26 °C at 40 – 50 
% humidity 

Higher shoot & root fresh & 
dry weights, total chlorophyll 
and carotenoid contents, 
vitamin C concentration, 
sucrose and soluble sugar 
level. Lower amount of starch 
and soluble protein observed.  

(Li, 2012)  
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Mentha piperita, 
Mentha spicata, 
Mentha longifolia, 
Ocimum basilicum L. 
& Lens culinaris 
Medic 

7:3 ratio of red (650 – 
665 nm) and blue 
(460 – 475 nm) LEDs 
under 16/8 hour 
photoperiod at total 
PPFD of 500 μmolm-

2s-1 versus natural 
sunlight (235 – 1800 
μmol m-2 s-1) at 25 °C 
and at 60 % humidity 

Increase in the essential oil 
production up to four times, 
elevated photosynthetic rate 
and fresh weight observed for 
Mentha species. Improved 
growth observed for basil and 
lentil, however, with reduced 
duration of full growth cycle.  

(Sabzalian et 
al., 2014) 

Cucumis sativus cv. 
Cumlaude 

Different ratios of red 
(661 nm) and blue 
(455 nm) LEDs at 
10:1, 9:1, 7:3, 5:5, 
2.5:7.5, 0:10 at a 
total PPFD of 100 
μmol m-2 s-1 under 18 
hour photoperiod at 
25 °C at 55 % 
humidity 

Increase in proportion of blue 
light promotes the rate of 
photosynthesis and stomatal 
conductance as well as 
chlorophyll synthesis, but 
opposes the accumulation of 
shoot dry and fresh weight 
due to lower leaf area.  

(Hernandez 
and Kubota, 
2016) 

Lactuca sativa L. Different red (657 
nm) and blue (450 
nm) LEDs ratios of 
12, 8, 4 and 1 at total 
PPFD of 200 μmol m-

2 s-1 under 16 hour 
photoperiod at 20 – 
24 °C at 60 % 
humidity 

Increase in blue light fraction 
correlates with the increment 
in the rate of photosynthesis, 
stomatal conductance and 
chlorophyll content. Higher 
proportion of red light fraction 
stimulates the leaf growth 
and expansion, contributing 
to higher accumulation of 
shoot dry weight. 

(Wang et al., 
2016) 

1.1.1.2 Semiconductor lasers 

 

The existing SSL technology that is based on LEDs and phosphor is not 

economical and has poor energy efficiency. Single-wavelength laser on the other 

hand, offers unparalleled advantages over existing illumination technologies, not 

least because they are highly energy-efficient and unlike current light sources, 

laser exhibits a much narrower spectral bandwidth than the LEDs (Neumann et 

al., 2011). Firstly, the input power density-to-optical light output of laser is higher 
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than the current horticultural lighting because laser diodes (LDs) have much 

greater power conversion efficiency (PCE) than for example the LEDs, especially 

at high current densities of ≥10 kWcm-2	(Wierer et al., 2013,	Wierer et al., 2014). 

While the blue and red LEDs have PCEs of up to 60 and 40 % respectively 

(Gomez et al., 2013), they incur a drastic loss of PCE at input power density of 

≥1 kWcm-2	 (Wierer et al., 2014). For instance, with increasing input power 

densities from 4 to 10 kWcm-2, the PCE of the blue LD remains close to 30 % 

whilst a significant drop in efficiency from 20 to 10 % is observed for blue LED 

(Wierer et al., 2013,	Wierer et al., 2014). Furthermore, the PCE of a 680 nm red 

laser that is based on aluminum indium gallium phosphide (AlInGaP) materials 

and corresponds to the red region of the PAR is 40 %, which is at least twice as 

efficient as that of the red LED	 (Yamazaki et al., 2002). This ‘efficiency droop’ 

(Shen et al., 2007, Wierer et al., 2013) renders LEDs inefficient for large-scale 

high intensity lighting applications e.g. in horticulture. Since laser luminaires have 

a long lifespan and are suitable for directional emissions and operation at higher 

current densities, a higher photon flux density can be achieved. This in turn 

translates into the manufacturing of more cost- and space- efficient illumination 

devices that afford the use of smaller electronic chips	(Hu et al., 2007, Wierer et 

al., 2014). Laser diodes on the other hand are small size, durable and are able to 

operate at higher optical output power with ease of operation and manipulation 

and at comparable costs to LEDs (Hu et al., 2007). Therefore, laser technology 

promises increased energy-efficiency and potentially a cost-saving alternative 
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artificial light source for small spaces (e.g. space-base plant growth and human 

life-support) and industrial-scale horticultural applications (Yamazaki et al., 2002, 

Hu et al., 2007, Murase, 2015). 

 

Secondly, unlike the conventional light sources, the narrow beam angle of laser 

light enables illumination over far distances thus allowing light to be generated 

remotely, eliminating the need to mount light panels directly above the plant 

growth area. Since the laser light source can be externally placed, indoor laser-

based horticulture can reduce undesirable on-site heat accumulation that is 

commonly associated with the currently used artificial lighting (Figure 1.2). This 

cool-emitting feature of laser light is economically attractive especially in larger 

enclosed growth spaces where extensive cooling that consumes both energy and 

water is employed (Janda et al., 2015,	Piovene et al., 2015). These attributes and 

the high-power capability of lasers offer the prospect of cost- and space-savings 

especially in a vertical horticulture setting where multiple-tiered growth spaces 

can be illuminated by a single laser light source that is guided through optical 

fibres or free space from a remotely installed parent laser illumination system 

(Figure 1.2) (Neumann et al., 2011). 
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Figure 1.2 Main advantages and potential applications of single-wavelength laser light 
for plant cultivation. Laser technology can be used as the primary (1) or 
secondary (2) light source for large-scale plant cultivation. It can also be applied 
in plant growth chambers for research and development (R&D) (3). Lasers can 
be remotely installed (4), thus reducing on-site heat accumulation that is 
commonly associated with current horticultural lighting technologies. Laser 
beams are highly tunable (5), thus offering a high degree of flexibility to 
customize different light regime for growth of different plants. 

 

Thirdly, laser beams are highly tunable	 (Yamazaki et al., 2002) where the 

wavelength and intensity of individual single waveband laser can be customized 

to specifically match the absorption profiles of different plant species and growth 

phases to enhance economically relevant traits (Figure 1.2) (Devlin et al., 2007,	

Folta and Childers, 2008, Massa et al., 2008, Tsao et al., 2014). This high degree 

of flexibility can give rise to new lighting architectures as laser beams can be 

focused, steered and mixed for optimal results (Neumann et al., 2011). Table 1.3 
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summarizes previous reports that utilise laser as supplementary lighting for plant 

cultivation. 

Table 1.3 Application of laser technology as supplementary lighting for plant growth. 

Plant species Light and growth 
conditions 

Characteristics of plant 
growth and development  

Reference 

Oryza sativa L. cv. 
Kitaibuki 

Combination of red 
laser diode (680 nm, 
500 mW) and 5 % of 
blue fluorescent light 
versus HPS lamp at 
total PPFD of 350 
μmol m-2 s-1 under 12 
hour photoperiod at 
28 °C at 65 – 70 % 
humidity  

Rice plants were able to 
complete their growth cycle 
from seed-to-seed at shorter 
harvesting duration as 
compared to HPS-grown 
plants. However, both the 
tiller spikes and seed yield is 
lower in laser-grown plants. 

(Yamazaki et 
al., 2002) 

Eggplant and sweet 
pepper 

Super-bright red 
laser diode (650 nm, 
7 mW) verses white 
LEDs and sunlight at 
total PPFD of 180 
μmol m-2 s-1 

Photosynthetic rate increases 
with increasing light intensity, 
however, red light itself is not 
sufficient for plant growth as 
compared to the full spectrum 
of sunlight.  

(Hu et al., 
2007) 

Dianthus 
caryophyllus L. cv. 
Feuerkoning and 
Petunia hybrida 

Red laser diode (660 
nm, 180 mW) under 
18 hour photoperiod 
at relative humidity of 
65 % at 27 °C 

Plants were exposed to the 
laser light regime at three 
different exposure times (5, 7 
and 10 minutes) at different 
light intensities. 0.88 J cm-2 
was found to be the most 
effective light intensity for 
growth of Petunia hybrid and 
5 minutes of laser treatment 
is sufficed for plant growth. 

(Danaila-
Guidea et 
al., 2011) 

Radish sprouts Combination of red 
(640 nm), green (570 
nm) and blue (450 
nm) laser diodes (50 
– 100 mW)  

Laser-grown radish sprout 
was comparable to the 
fluorescent lighting.   

(Murase, 
2015) 

 

Despite the promise of economic benefits of laser technology in indoor 

horticulture, the sole use of single-wavelength laser as primary light source for 
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plant cultivation has not been reported. Laser can either be used as the primary 

illuminant in indoor plant growth or as supplemental source in greenhouses, 

replacing natural sunlight (Figure 1.2). The use of laser light source in plant 

growth chambers in research and development (R&D) also enables 

characterization of plant productivity in response to single-wavelength laser light 

at the biophysical, molecular and system levels. This study will reveal underlying 

mechanisms governed by different light spectrum on plant development, 

morphology and metabolism. Given the economic potential and benefits of laser 

light, we foresee that lasers will revolutionize the lighting technologies for large-

scale plant factories, particularly in a vertical horticulture setting and eventually 

enable highly energy-efficient plant production. 

 

1.1.2 Light perception and signaling in plants 

 

Sunlight powers the photochemical reactions, generating sufficient amount of 

carbohydrate and ATP energy for plant growth and productivity	 (Folta and 

Maruhnich, 2007,	Takahashi and Badger, 2011). Plant growth and development 

are dependent on the spectral qualities and distribution of the natural sunlight 

afforded in their growth environments. A comparison of the PAR spectrum with 

the individual absorption spectral of light-absorbing antennal pigments 

chlorophylls a/b and carotenoids which includes β-carotene, lutein, violoxanthin 

and neoxanthin (Figure 1.3) reveals that lights in the region of red (625-675 nm) 
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and blue (425-475 nm) spectrum are the dominant wavelengths important for 

plant growth and development by promoting efficient photosynthetic capacity 

(Lodish et al., 2000, Vanninen et al., 2010). Higher plants are able to absorb red 

and blue lights more efficiently than other portion of light spectrum because these 

photosynthetically dominant wavelengths correspond with the absorption peaks 

of the light-harvesting antennal pigments, i.e. the chlorophylls and carotenoids 

(Kim et al., 2004, Folta and Maruhnich, 2007, Terashima et al., 2009, Olle and 

Virsile, 2013).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 Plant photosynthetic action and absorption spectra of light-absorbing 
antennal pigments. A comparison of the PAR spectrum (a) with the individual 
absorption spectral (b) of light-absorbing antennal pigments: chlorophylls a/b and 
carotenoids which includes β-carotene, lutein, violoxanthin and neoxanthin 
(Adapted from Lodish et al., 2000).  
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The first light-sensing molecules in plants, the photoreceptors, were discovered 

over 50 years ago and to date, much of their accompanying downstream 

signaling pathways and associated cellular processes for a wide range of 

spectrum-dependent plant responses have been elucidated. Most of the 

identified photoreceptors absorb light in the red/far-red and blue regions although 

UV-B and green light-sensing molecules have emerged in the recent years (Folta 

and Maruhnich, 2007, Heijde and Ulm, 2012). Phytochromes, cryptochromes and 

phototropins are the main photoreceptors in the regulation of plant 

photomorphogenesis. The phytochromes are more sensitive in perceiving red/far-

red wavebands, whereas the cryptochromes and phototropins are specifically 

receptors of blue light (Moglich et al., 2010). Table 1.4 summarizes the main 

classes of photoreceptors including their functions and simplified chromophore 

photochemistry. Plant photoreceptors are able to detect any changes in light 

quality (spectral composition), quantity (intensities), direction, and temporal 

change in season and latitude. This enables them to regulate a multitude of 

physiological responses throughout their growth and development stages (Figure 

1.4). The photoreceptor-dependent response to a variety of spectral qualities and 

quantities in Arabidopsis has been reviewed previously (Kami et al., 2010). 

These light-sensitive receptors also appear to cross-talk with each other and to 

other environmental cues. Furthermore, they also play important regulatory roles 

such as in the control of circadian rhythm and directional growth. This would 
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suggest that light perception has broader implications than just defining 

photosynthetic metabolism (Chory and Wu, 2001,	Franklin and Whitelam, 2004).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 The spectral photon irradiance of natural-light environments and the 
corresponding spectrum for activation and inactivation of photoreceptors. 
These light-sensitive receptors are able to detect any changes in the irradiance 
spectral of natural sunlight (a) to regulate plant photomorphogenesis in response 
to different light spectrum (b) (Adapted from Kami et al., 2010). 

(a) 

(b) 
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Still, the underlying mechanisms contributed by the different PAR wavelengths on 

plant photomorphogenesis and development remain largely unknown 

(Hogewoning et al., 2010). In recent years, certain wavebands that are 

photosynthetically inefficient were shown to have inhibitory roles in conveying 

important environmental signals to the developing plant. In particular, many of the 

responses caused by green and far-red wavelengths are counterintuitive, 

opposing the growth-promoting properties of red and blue lights such as the 

vegetative development, photoperiodic flowering, stomatal opening and stem 

growth modulation (Folta and Maruhnich, 2007, Wang and Wang, 2015). Plants 

do not require the wavebands of the entire light spectrum for their growth and 

development. In fact, they have evolved optimized light capture mechanism to 

grow under a given specific set of light conditions. They may respond negatively 

to some wavelengths or positively to others, which is an adaptive strategy to 

optimize light capture when encountering unfavorable light conditions (Dougher 

and Bugbee, 2001, Morrow, 2008, Muneer et al., 2014).  
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TABLE 1.4 Photoreceptors: Chromophore photochemistry properties and their functions 

Main classes Chemical nature and chromophore photochemistry Functions Reference 

Light-oxygen-
voltage (LOV) 
sensors  

 

 

Blue light sensor via flavin nucleotide 
cofactors (FMN). Comprises of three 
families, ie. phototropins 1 and 2, ZEITLUPE 
and aureochromes. Phototropins 1 and 2 
involved in phototropism, chloroplast and leaf 
movements as well as stomatal opening 
which are all involved in relatively fast, light-
induced responses. ZEITLUPE regulate 
slower light responses such as circadian 
clock entrainment and flowering onset. 
Aureochromes function in photosynthetic 
stramenopiles and photomorphogenesis.  

(Nelson et 
al., 2000, 
Christie, 
2007, 
Takahashi 
et al., 2007, 
Demarsy 
and 
Fankhauser, 
2009) 

Xanthopsins 

 

 

 

 A small water-soluble cytoplasmic 
photoactive yellow protein (PYP) that carries 
trans-p-coumaric acid, through a thiol-ester 
linkage, as its light-sensitive chromophore. A 
blue-light-induced avoidance response 
photoreceptor. PYP-phytochrome regulates 
expression of chalcone synthase gene in 
response to blue light. A well-characterised 
model to study biological signal transfer.  

(Van der 
Horst and 
Hellingwerf, 
2004) 

Phytochromes 

 

 

 

 

 Red/far-red photoreceptors involved in the 
control of plant photomorphogenesis via a 
linear tetrapyrrole, bilin 
chromophore/phytochromobilin (PΦB). 
Consist of five classes of phytochromes A to 
E. Photon absorption leads to reversible 
photoconversion between red-absorbing (Pr) 
and far-red-absorbing (Pfr) spectroscopic 
state. 

(Chen et al., 
2004)  

hv 

hv 

hv 

hv 

hv 

hv 
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Blue-light 
sensors using 
flavin adenine 
dinucleotide 
(BLUF) 

 

 

 

Blue light sensor via FAD. Predominantly 
occur in prokaryotes. No BLUF proteins 
have been identified in plant although 
domains are found in eukaryotes. Involved 
in the regulation of photosynthetic genes 
expression and cyclic nucleotide 
metabolism. 

(Gomelsky 
and Kaplan, 
1998, 
Gomelsky 
and Klug, 
2002) 

Cryptochromes 

 

 

 

 Blue-light photoreceptors via 
FAD/FAHD/pterin in plants and animals. 
Arabidopsis thaliana cryptochrome 1 and 2 
regulate the circadian clock and plant 
photomorphogenesis such as de-etiolation 
and flower induction. Closely related to DNA 
photolyases except that they lack their DNA 
repair activity. 

(Ahmad and 
Cashmore, 
1993, Lin 
and Todo, 
2005, Yang 
et al., 2008)  

Rhodopsins 

 

 

 

 Integral membrane proteins that detect light 
via a retinal chromophore that is covalently 
bound to a lysine residue as a protonated 
Schiff base. Sensor domains are covalently 
linked to histidine kinase, response 
regulator or adenylate/guanylate cyclase 
effector domains. Act as light-driven H+-
pumps in algae however; the physiological 
role of plant rhodopsin remains unknown.  

(Tsunoda et 
al., 2006, 
Hegemann, 
2008) 
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1.1.3 Plant photosynthesis and its regulatory machinery 

 

During photosynthesis, a series of electron cascades takes place upon photon 

absorption by light-harvesting complexes (LHCs) of photosystem I (PSI) and 

photosystem II (PSII) to their reaction centers, which leads to ATP and NADPH 

energy production and the oxidation of water. The chloroplast is the main 

organelle where photosynthesis takes place and it has the key role in various 

plant cellular functions in addition to photosynthesis. The roles include sulfur and 

nitrogen assimilation as well as synthesis of amino acids, fatty acids and lipids, 

plant hormones and secondary metabolites, nucleotides and vitamins	 (Douglas, 

1998). Despite having its own plastome and the machinery required for its 

expression, most of the chloroplast proteins are nuclear-encoded and expressed 

in the cytoplasm. Therefore, photosynthesis-related functions are confined not 

only to the chloroplast, but also occur in other plant cellular compartments 

(Leister and Schneider, 2003). The photosynthetic machinery of Arabidopsis 

thaliana is made up of chimeric multiprotein complexes, which contain both the 

plastome- and nuclear-encoded subunits (Figure 1.5).  
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FIGURE 1.5 Plant photosynthesis pathway. Six photosynthetic-related genes (as 
highlighted in red circles) represent the main components of the photosynthetic 
machinery. These genes are photosystem II protein D1, psbA (ATCG00020.1), 
photosystem I P700 chlorophyll a apoprotein A1, psaA (ATCG00350.1), 
cytochrome f, petA (ATCG00540.1), ferredoxin-2, ATFD2 (AT1G60950.1), 
chlorophyll a-b binding protein 2, LHCB1.1 (AT1G29920.1) and beta carbonic 
anhydrase 3, ATBCA3 (AT1G23730.1). 

 

The photosynthetic apparatus of higher plants is organized in the thylakoids of 

chloroplasts and they tend to be unequally distributed in the stacked grana and 

stromal lamellae of the thylakoid membranes. For instance, PSII accumulates in 

the grana while PSI is found abundantly in the stromal lamellae. Interestingly, the 

quality and quantity of light spectrum can affect the degree of membrane stacking 

of grana domain. In addition to regulation of photosynthesis, other cellular 

functions such as posttranslational protein modifications, plastid gene 

expression, nuclear transcription, cytosolic protein synthesis and the 

translocation of precursor proteins into chloroplast are also dependent on the 

changes in light regimes (Leister and Schneider, 2003). 
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Plants have the ability to preferentially direct the photons to either PSI or PSII, a 

process known as ‘state transitions’ and this occurs through posttranslational 

mechanisms in response to different light wavebands. It enables plants to 

maximize their photosynthetic efficiency while also preventing damage to the 

chloroplast, particularly the thylakoid membrane when exposed to different light 

conditions. Rapid adaptive mechanisms that lead to maximal photosynthetic 

efficiency is mediated by the redox control of the LHCII kinase through 

chlorophyll distribution between the two photosystems in relative to their light-

harvesting capacity to drive electron transport	 (Allen and Forsberg, 2001). 

Phosphorylation of LHCII in the thylakoids channels the absorbed photon energy 

to PSI, while the PSII receives the light energy supply from the un-

phosphorylated LHCII (Allen and Race, 2002). In summary, the light-harvesting 

complexes of the two photosystems, LHCII and LHCI, function to regulate the 

distribution of light energy to the photosystems in response to the wavelength 

and intensity of incident light to prevent photo-inhibition and the need to dissipate 

excess energy.  

 

In order to obtain insights into the molecular signature of plant growth and 

development in response to single-wavelength laser light in particular, a group of 

well-characterized genes that are representative of photosynthetic machinery and 

light stress responses will be investigated. Expression study of these 

photosynthetic- and stress-related genes will afford insights into the plant 
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physiological state and the photosynthetic efficiency in response to different light 

regimes. Table 1.4 summarizes the functions of main photosynthetic and light 

stress marker genes. Specifically, the expression patterns of these genes in 

response to single-wavelength red and blue laser light will be compared to that of 

Arabidopsis plantlets grown under regular white fluorescent lights. In addition to 

transcriptional response of these gene markers, a comparative analysis of the 

proteomes of laser and white light-grown plants will be undertaken with the aim to 

reveal changes at the systems level that might be diagnostic for structural or 

functional changes induced by different light regimes. Taken together, the 

expression patterns of the examined molecular marker genes and the total 

proteome of laser-grown plants reveal attributes that are unique and from which 

will provide the basis for further optimization of the light regime to maximize plant 

productivity. 
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TABLE 1.5 Functions of photosynthetic and light stress marker genes 

Protein Annotated genes Accession no Functions Reference 

a) Photosynthetic     

D1 psbA ATCG00020.1 Encodes chlorophyll binding protein D1 that is a part of the 
PSII reaction center. Involves in the electron transport in 
photosystem II.  

(Coloapa-Soto 
et al., 2012) 

PS1 P700 apoprotein 
A1 

psaA ATCG00350.1 Encodes psaA hydrophobic protein comprising the reaction 
center for photosystem I along with psaB protein. Involves in 
chlorophyll and metal ion binding. 

(Liu et al., 
2012)  

Cytochrome f petA ATCG00540.1 Encodes cytochrome f apoprotein that is involved in the 
electron transport chain within cytochrome b6/f complex of 
the photosystem II.  

(Sato et al., 
1999) 

Cytochrome b6 petB ATCG00720.1 Encodes the cytochrome b(6) subunit of the cytochrome b6f 
complex. Essential for heme binding. 

(Lezhneva et 
al., 2008) 

Plastocyanin 2/ 
recombination and 
DNA-damage 
resistance protein  

DRT112 AT1G20340.1 Function in copper homeostasis, photomorphogenesis in 
response to UV, red, blue and far red lights, negative and 
positive regulator of translation and transcription respectively, 
hydrogen peroxide catabolism, control of hormone levels and 
proton transport, cysteine and polysaccharide biosynthesis, 
pentose-phosphate shunt pathway and in plastid 
organization. 

(Pesaresi et al., 
2009) 

Ferredoxin A ATFD2 AT1G60950.1 Encodes a major leaf ferredoxin, that is an electron 
transporter. Important in photosynthetic acclimation in 
response to red, blue and far red lights as well as sucrose as 
stimulus. Involves in proton transport regulation and biotic 
response.  

(Liu et al., 
2013) 

ATPase (γ-subunit) ATPC1 AT4G04640.1 One of two genes (with ATPC2) encoding the gamma subunit 
of Arabidopsis chloroplast ATP synthase that is essential for 
ATP synthesis coupled proton transport. 

(Kohzuma et 
al., 2013) 
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Photosystem I Light 
Harvesting Complex 
Gene 3 

LHCA3 AT1G61520.1 PSI type III chlorophyll a/b-binding protein (Lhca3*1) in 
photosynthesis. Function in response to cytokinin and in 
biosynthesis of cysteine. 

(Wientjes and 
Croce, 2011) 

Light Harvesting 
Chlorophyll A/B-
Binding Protein 1.1 

LHCB1.1 AT1G29920.1 Encodes lhcb1.1, a chlorophyll binding protein that made up 
the LHCIIb light harvesting complex associated with 
photosystem II. 

(Takahashi et 
al., 2014) 

Ribulose 
bisphosphate 
carboxylase small 
chain 1A 

RBCS1A AT1G67090.1 Encodes a member of the Rubisco small subunit (RBCS) 
multigene family: RBCS1A (At1g67090), RBCS1B 
(At5g38430), RBCS2B (At5g38420), and RBCS3B 
(At5g38410). Functions to yield sufficient Rubisco content for 
leaf photosynthetic capacity in response to different light 
spectrum and cold stimuli. Also involves in carbon fixation, 
copper ion binding, chloroplast ribulose bisphosphate 
carboxylase complex biogenesis. 

(Izumi et al., 
2012) 

Light harvesting 
complex of 
photosystem II 5 

LHCB5 AT4G10340.1 Encodes the light-harvesting chlorophyll a/b binding protein 
CP26 of photosystem II for light harvesting function in 
response to different light spectrum and sucrose stimuli. Also 
involves in the biosynthesis of cysteine, proton transport 
regulation, rRNA processing and nonphotochemical 
quenching.  

(Ballottari et al., 
2010) 

Beta carbonic 
anhydrase 3 

ATBCA3 AT1G23730.1 Involves in carbonate dehydratase activity, zinc ion binding 
and carbon utilization.  

(Fabre et al., 
2007) 

b) Light stress     

Ascorbate peroxidase 
1 

APX1 AT1G07890.3 Encodes a cytosolic ascorbate peroxidase (APX1) that 
scavenges hydrogen peroxide in plant cells during light stress 
in Arabidopsis. Functions in response to cadmium ion and 
salt stress in addition to heme binding.  

(Karpinski et 
al., 1997) 
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Gluthatione S-
Transferase 

GST6 AT2G47730.1 Encodes glutathione transferase belonging to the phi class of 
GSTs that acts as glutathione binding and transferase 
activity.  

(Giacomelli et 
al., 2006) 

Early light - inducible 
protein 

ELIP AT3G22840.1 Encodes an early light-inducible protein in response to UV-A, 
blue, red and far red lights, high light intensity and heat. 
Provides photoprotection to the plants via biosynthesis of 
anthocyanin-containing compound. 

(Rus Alvarez-
Canterbury et 
al., 2014) 

Beta carotenoid 
hydroxylase 2 

BCH2 AT5G52570.1 Converts β-carotene to zeaxanthin via cryptoxanthin. 
Functions in carotene beta-ring hydroxylase, oxidoreductase 
and iron binding activities as well as biosynthesis of 
xanthophyll and fatty acid.  

(Sun et al., 
1996) 

Heat shock protein 
101 

HSP101 AT1G74310.1 Encodes ClpB1, which belongs to the Casein lytic 
proteinase/heat shock protein 100 (Clp/Hsp100) family which 
also known as AtHsp101. A cytosolic heat shock protein 
required for acclimation to high temperature, forming 
aggregates in protein refolding during heat stress. Has 
binding affinity for ATP, protein, nucleotide, and nucleoside-
triphosphatase. Expressed in response to high light intensity, 
hydrogen peroxide and endoplasmic reticulum stress. 

(Queitsch et al., 
2000)  

Heat shock protein 70 
(Hsp 70)  

HSP70-3 AT3G09440.1 Functions in ATP binding, protein folding and glucose 
catabolic processes in response to high light intensity, 
hydrogen peroxide, karrikin and heat. 

(Schroda et al., 
1999)  

Putative small heat 
shock protein (sHSP) 

sHSP AT2G29500.1 HSP20-like chaperones superfamily protein that is involved in 
heat acclimation and protein folding in response to oxidative 
stress, high light intensity, hydrogen peroxide and heat.  

(Rossel et al., 
2006) 

Chalcone synthase CHS AT5G13930.1 Encodes chalcone synthase (CHS), a key enzyme involved in 
the biosynthesis of flavonoids that is required for the 
accumulation of purple anthocyanins in leaves and stems. 
Also functions in the regulation of auxin transport, modulation 
of root gravitropism, protein binding, catalytic and transferase 
activities in response to UV, auxin, gravity, jasmonic acid, 
oxidative stress, sucrose and wounding as stimuli. 

(Zhang et al., 
2011) 
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1.1.4 Light-dependent regulation of stomatal movement 

 

Light-mediated stomatal opening is regulated by two distinct photosystems, the 

blue-light photosystems and chloroplast. Studies have shown that guard cells 

respond to the blue and red wavelengths of visible light spectrum (Sharkey and 

Raschke, 1981, Serrano et al., 1988). Stomata open in response to a weak blue 

light and the addition of red light as the background further enhances the opening 

of stomata. Blue light functions as a signal while the red waveband acts as both 

the signal and energy supply (Shimazaki et al., 2007). Blue light activates the 

plasma membrane H+-ATPase through phosphorylation of the C-terminus that 

hyperpolarizes the membrane potential with simultaneous apoplast acidification 

in the guard cells in which leads to potassium uptake through the inward-

rectifying potassium channels, K+
in. Activation and regulation of these voltage-

gated potassium channels are ATP-dependent and are sensitive to inhibition by 

Ca2+ (Wu and Assmann, 1995).	 The accumulated positive K+ charges are 

compensated mainly by malate2- formed in the guard cells in response to weak 

blue light under a red-light background (Ogawa et al., 1978). Red light induces 

stomatal opening at high light intensity through the reduction of intercellular 

carbon dioxide concentration by mesophyll photosynthesis as well as the role of 

guard cell chloroplasts (Roelfsema and Hedrich, 2005,	 Vavasseur and 

Raghavendra, 2005). The red-light response may be partly regulated by K+ and 

sugar accumulation (Olsen et al., 2002). 
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Biochemical and pharmacological studies have shown that phototropin 1 and 

phototropin 2 are light-responsive serine/threonine protein kinases that contain 

flavin mononucleotides as chromophores. In addition to other photoreceptors 

(e.g. flavin and zeaxanthin), these blue-light photoreceptors are important for 

stomatal opening in guard cells by acting upstream of the plasma membrane H+-

ATPase (Figure 1.6) (Zeiger and Zhu, 1998). Phototropins also have functional 

roles in phototropic bending, chloroplast accumulation, leaf expansion and 

movement (Briggs and Christie, 2002). The blue-light induced responses are 

essential to improve the photosynthetic CO2 fixation by reducing the stomatal 

limitation to CO2 entry and to maximize the photosynthetic electron transport by 

enhancing the photon absorption capability that leads to optimal photosynthetic 

efficiency (Shimazaki et al., 2007). Previous studies have shown that high 

intensities of green light inhibits the blue-light-dependent stomatal opening in 

Arabidopsis epidermal layers (Frechilla et al., 2000). The process of stomatal 

opening in response to blue light occurs slower than photosynthesis, which 

requires more than 20 minutes to reach the maximum aperture in most plant 

species while photosynthetic CO2 fixation takes only several minutes to reach 

maximum levels (Shimazaki et al., 2007). Thus, rapid stomatal opening induced 

by blue light promotes CO2 uptake for photosynthesis. This rapid mechanism is 

particularly important for plants encountering successive sun flecks in the 
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canopy, in which the reduced stomatal limitation of CO2 uptake will facilitate the 

light-energy capture by the leaves (Kirschbaum and Pearcy, 1988).  

 

 

 

 

 

 

 

 

 

Figure 1.6  Mechanisms of blue-light induced stomatal opening. Phototropins function 
as the blue-light receptors in guard cells and act upstream of the plasma 
membrane H+-ATPase. This blue-light sensitive receptor binds reversibly to a 14-
3-3 protein upon its autophosphorylation in guard cells. The 14-3-3-phototropin 
complex might confer a signaling state to phototropins, which then could transmit 
the light signal to downstream elements. The plasma membrane H+-ATPase is 
activated by phosphorylation via a serine/threonine protein kinase that occurs 
exclusively on the C-terminus of the pump. This leads to H+ extrusion followed by 
a transient membrane hyperpolarization that activates the inward-rectifying K+ 
channels (K+

in) to allow for K+ accumulation inside the guard cells, ultimately 
resulting in stomatal opening. ABA stimulates stomatal closure by inhibiting H+ 

pumping (Adapted from Shimazaki et al., 2007). 

 

The signaling between phototropins and the plasma membrane H+-ATPase is 

largely unknown. However, previous studies have revealed several signaling 

molecules such as 14-3-3 proteins	(Kinoshita and Shimazaki, 2002, Kinoshita et 

al., 2003), Root Phototropism 2 (RPT2)	 (Inada et al., 2004), Vicia faba phot1a 

interacting protein (VfPIP)	(Emi et al., 2005), Ca2+ (Harada et al., 2003,	Stoelzle 
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et al., 2003), protein kinases (Kinoshita and Shimazaki, 1999, Svennelid et al., 

1999) and protein phosphatases (Takemiya et al., 2006) to regulate the signal 

transduction process. The mechanism of guard cell signal transduction that is 

responsible for stomatal opening involves the synergism between the blue-light 

signaling and the metabolism supporting the blue-light-dependent stomatal 

opening in guard cells (Figure 1.7). Upon perception by phototropins, the blue 

light signals are transmitted to activate the plasma membrane H+-ATPase, 

leading to K+ uptake. Blue light also induces degradation of starch in guard cell 

chloroplasts for malate formation	 (Vavasseur and Raghavendra, 2005). Malate 

forms in response to weak blue light under a red-light background (Ogawa et al., 

1978) and acts as osmotica to maintain stomatal opening	 (Talbott and Zeiger, 

1998). In response to red light, guard cell chloroplasts supply ATP and NADH to 

the cytosol while the mesophyll chloroplasts involve in CO2 fixation resulting in 

the decrease in intracellular CO2 (Ci) concentration. This in turn activates the 

transport mechanisms that lead to membrane hyperpolarization, and 

subsequently to stomatal opening through K+ uptake (Shimazaki et al., 2007). 
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Figure 1.7 Blue-light signaling in guard cells. The synergism between blue-light signaling 
and metabolism in guard cells is essential for stomatal opening. Phototropins act 
as the blue-light receptors and upon light perception, the light signals are 
transduced along signaling pathway from phototropins to the plasma membrane 
H+-ATPase, resulting in K+ accumulation that leads to stomatal opening. Blue 
light also promotes starch degradation. Both guard cells and mesophyll 
chloroplasts absorb red lights. Guard cell chloroplasts have roles in light-
dependent synthesis of ATP and NADPH. The mesophyll chloroplasts function in 
CO2 fixation, which reduces the intracellular CO2 (Ci). Depletion of Ci activates 
transport mechanisms that ultimately lead to membrane hyperpolarization to 
promote stomatal opening (Adapted from Shimazaki et al., 2007). 

 

Previous studies have shown that the regulation of stomatal opening in intact 

leaves may be mediated by the synergism between red and blue light (Karlsson, 

1986,	Assmann, 1988). Stomatal conductance in leaves illuminated with both red 

and blue light is generally larger than the sum of the individual blue and red light-

mediated conductance. This may explain the rapid mechanism of stomatal 

opening in Arabidopsis thaliana in response to a weak blue light in a strong 

background of red light. Both the intracellular CO2 concentration and the guard 

cell chloroplast activity may mediate the synergistic action of red and blue light in 

stomatal opening. The chloroplasts act as ATP supply for the plasma membrane 
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H+-ATPase and NADH for malate2- formation in the cytosol through the 

translocation of triose phosphate (DHAP/GAP) across the chloroplast envelope 

(Shimazaki et al., 2007). 

 

In addition to red and blue light signals, guard cells also respond to various 

physiological and environmental stimuli such as CO2, temperature, humidity, 

plant pathogens and phytohormones (e.g. ABA, auxin, cytokinin and gibberellins) 

in their signal transduction mechanisms to modulate stomatal apertures for gas 

exchange and plant survival under diverse conditions (Schroeder et al., 2001a). 

ABA inhibits phototropin-mediated phosphorylation of the plasma membrane H+-

ATPase through hydrogen peroxide, thereby suppressing stomatal opening 

(Zhang et al., 2004, Shimazaki et al., 2007). During drought stress, ABA 

promotes activation of S-type anion channel activity that leads to simultaneous 

membrane depolarization, which in turn results in stomatal closure due to 

sustained K+ efflux from the guard cells through the K+
out channels (Ghelis et al., 

2000, Schroeder et al., 2001a). ABA also stimulates stomatal closure by 

inhibiting the H+ pumping to maintain the membrane depolarization as well as 

reducing the ATP consumption by plasma membrane H+-ATPase (Goh et al., 

1996).   
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1.1.5 ABA signaling in guard cells  

 

ABA has key regulatory roles in plant growth and development and accumulates 

in response to abiotic and biotic stresses (Cutler et al., 2010,	Raghavendra et al., 

2010, Gonzalez-Guzman et al., 2012). ABA is mainly synthesized in the vascular 

parenchyma cells in the plastids and cytosol as well as in the guard cells through 

the cleavage of a C40 carotenoid precursor, followed by a two-step conversion of 

the intermediate xanthoxin into ABA via ABA-aldehyde (see review by 

Finkelstein, 2002, Daszkowska-Golec and Szarejko, 2013). ABA elicits plant 

responses through binding to PYRABACTIN RESISTANCE 1 (PYR1)/PYR1-LIKE 

(PYL)/REGULATORY COMPONENTS OF ABA RECEPTORS (RCAR), the ABA 

receptors, which is a family of the soluble steroidogenic acute regulatory-related 

lipid transfer (START) proteins that constitute a 14-member family. These 

receptors perceive ABA intracellularly and form ternary complexes that inhibit 

clade A of protein phosphatase 2C (PP2Cs) (Ma et al., 2009,	Park et al., 2009). 

The inactivation of PP2Cs allows activation of downstream targets of the PPC2s, 

such as the sucrose non-fermenting 1-related subfamily 2 (SnRK2) protein 

kinases (SnRK2.2/D, SnRK2.3/I and SnRK2.6/OST1/E), in which these kinases 

have functional roles in the regulation of ABA signaling that includes regulation of 

transcriptional response to ABA and changes in stomatal aperture (Fujii et al., 

2009,	Fujita et al., 2009,	Umezawa et al., 2009).  
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The main transcriptional regulators of ABA-dependent gene expression are ABA-

responsive Element Binding Factor/Protein (ABFs/AREBs) and the basic leucine 

zipper (bZIP) transcription factors (ABI3 and ABI5) (Finkelstein et al., 2005). 

SnRK2s can phosphorylate downstream substrates, including AREB and ABF 

bZIP transcription factors, which activate ABA-responsive genes and ABA-

related responses. Previous in vitro studies have shown that combination of 

PYR1, ABI1, SNRK2.6 and ABF2 is sufficient to trigger ABF2 phosphorylation in 

the presence of ABA. This indicates that these four proteins are the core 

components of the ABA signaling pathway (Fujii et al., 2009). Transport of ABA 

to the guard cells induces the ABA signaling network that leads to stomatal 

closure and inhibition of stomatal opening in order to prevent transpirational 

water loss (Daszkowska-Golec and Szarejko, 2013). This occurs through the 

ABA modulation of ion channel activities by SnRK2 kinases that activate the slow 

anion channel-associated, 1 (SLAC1) but inhibit the inward-rectifying potassium 

channel (KAT1) (Daszkowska-Golec and Szarejko, 2013). Active OST1 has been 

previously shown to mediate anion efflux through the activation of SLAC1, 

resulting in plasma membrane depolarization, which drives the efflux of K+ from 

the guard cell through the guard cell outward-rectifying potassium channel 

(GORK) to induce stomatal closure (Jeanguenin et al., 2008, Lee et al., 2009,	

Geiger et al., 2009). In addition to OST, the calcineurin B-like protein kinase 

(CIPK23) (Maierhofer et al., 2014) and calcium-dependent protein kinases 

(CPKs) (Geiger et al., 2010,	Geiger et al., 2011) also phosphorylate SLAC1 and 
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its homolog SLAH3. Inactivation of KAT1 channel by phosphorylation activity of 

SnRK2 in response to increase level of ABA and cytosolic Ca2+ during drought 

stress inhibits the influx of K+ into the guard cells	 (Schroeder and Hagiwara, 

1989, Thiel et al., 1993,	Grabov and Blatt, 1999,	Sato et al., 2009, Hubbard et al., 

2010). Efflux of both anions and K+ ions from the guard cells leads to the 

reduction of turgor pressure and concomitant stomatal closure	 (Daszkowska-

Golec and Szarejko, 2013). While ABA-dependent 

phosphorylation/dephosphorylation of ion channels such as SLAC1, KAT1, KAT2 

and GORK has been either demonstrated or suggested (Lim et al., 2012, Yin et 

al., 2013, Lefoulon et al., 2016) there is no indication that ABA may directly 

modulate ion channel activity. Taken together, the PYR/PYL/RCARs family of 

ABA receptors, PP2Cs and SnRKs form the core of ABA signalosome (Ma et al., 

2009, Park et al., 2009, Santiago et al., 2009,	Nishimura et al., 2010) (Figure 1.8 

E).  
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Figure 1.8 ABA biosynthesis and signaling pathways. (A) Up-regulation of NCED3, ZEP 
and AAO genes promote ABA biosynthesis. (B) ABA catabolism by CYP707A1-4 
(cytochrome P450, family 707, subfamily A, polypeptide 1, 2, 3, 4). (C) ABA 
conjugation through ABA glucosyl ester (ABA-GE), catalyzed by ABA 
glucosyltransferase. The interplay between ABA biosynthesis, catabolism, 
conjugation and de-conjugation is essential to maintain the balance between 
active and inactive intracellular ABA. (D) ABA transport to the guard cells through 
ABCG transporters (e.g. AGCG22) activates the core ABA signalosome. (E) ABA 
signal transduction pathway in guard cells (Adapted from Daszkowska-Golec and 
Szarejko, 2013). 

 

ABA receptors exhibit a conserved gate-latch-lock mechanism underlying ABA 

signaling pathway (Melcher et al., 2009, Santiago et al., 2012, Ng et al., 2014).	

The mechanisms in which ABA induces stomatal closure and inhibits light-

induced stomatal opening are complex and may involve different ABA receptors	

(Allan et al., 1994, Anderson et al., 1994,	Assmann, 1994,	Schwartz et al., 1994,	

Yin et al., 2013). A previous finding has reported that Arabidopsis thaliana PYR1, 
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PYL1, PYL2 and PYL4 ABA receptors are insufficient to inhibit the opening of 

stomata in response to ABA while the pyr1/pyl1/pyl2/pyl4 quadruple ABA 

receptor mutant displays the phenotype resembling impaired ABA-induced 

stomatal closure (Yin et al., 2013). This suggests the possibility of other ABA 

receptors that are involved in the inhibition of stomatal opening. Furthermore, it 

has also been shown that the Arabidopsis PYR/PYL/RCARs ABA receptors play 

functional roles in quantitative regulation of stomatal movements and expression 

of ABA-activated stress-related genes (Gonzalez-Guzman et al., 2012). An 

Arabidopsis thaliana sextuple mutant (sextuple mutant 

(pyr1/pyl1/pyl2/pyl4/pyl5/pyl8) impaired in ABA perception exhibits an ABA-

insensitive phenotype with severe open stomata and also suppressed vegetative 

growth and reproduction (Gonzalez-Guzman et al., 2012). This mutant was able 

to germinate and to grow on 100 μM ABA and displays higher rate of 

transpiration than the wild-type. Stomatal sensitivity to ABA was also greatly 

reduced in quadruple and sextuple mutants of the ABA receptor genes and this 

impedes the activation of downstream ABA signaling targets in guard cells 

(Nishimura et al., 2010, Gonzalez-Guzman et al., 2012). While this confirms the 

importance of ABA perception by the ABA receptor family in basal ABA signaling, 

these receptors cannot account for all the ABA-dependent responses and our 

understanding of the ABA signaling cascade remains incomplete (Raghavendra 

et al., 2010). 
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1.1.6 The role of ABA in regulation of stomatal movements 

 

Stomatal pore opening is essential for atmospheric CO2 diffusion into leaves for 

photosynthetic carbon fixation. In return, plants lose over 95% of their water 

through transpiration to the atmosphere during the gaseous exchange (Dietrich et 

al., 2001). Regulation of stomatal aperture depends on turgor and volume 

changes of two highly differentiated guard cells surrounding the stomatal pore in 

the epidermis of plant leaves and stems. This enables the plant to adapt to 

diverse environmental conditions by maintaining the balance between receiving a 

sufficient internal CO2 concentration for photosynthesis and preventing excessive 

transpirational water loss (Assmann, 1993, Hosy et al., 2003). During stomatal 

opening, guard cells accumulate potassium, chloride and malate anions and 

sucrose, which lead to swelling of the guard cells by increasing the turgor 

pressure. In contrast, a decrease in turgor resulted from the efflux of potassium 

and anions, removal of sucrose and gluconeogenic conversion of malate into 

osmotically inactive starch induces stomatal closure (Talbott and Zeiger, 1998, 

Schroeder et al., 2001a) (Figure 1.9).  
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Figure 1.9 Role of ion channels and transporters in regulation of stomatal movement. 
A closed stomata (a) and an open stomata (b) in a Vicia faba leaf. (c) Guard cells 
are used as a model system to study the physiological functions of ion channels 
and transporters. (Left) Events leading to stomatal closure resulted from efflux of 
anions and K+. (1) Stimuli-inducing stomatal closure. (2) ABA stimulates reactive 
oxygen species (ROS) production that (3) activates Ca2+-permeable channels. (4) 
Elevated Ca2+ level in cytosol activates slow/sustained (S-type) anion channels 
for anion efflux that leads to membrane depolarization and (5) drives K+ efflux 
through outward-rectifying K+ channels. (6) Cl- and malate efflux through CLC Cl-
/H+ antiporters. At the vacuolar membrane, both SV (TPC) (7) and VK (TPK) 
channels are Ca2+-activated and VK (TPK) channels (8) are highly selective for 
K+ and allow K+ release from the vacuole during stomatal closure. (9) CLC Cl-/H+ 
antiporters at vacuolar membrane. (Right) Mechanisms involved in light-
dependent stomatal opening. (10) Upon perception of blue light by phototropins, 
14-3-3 protein binds to plasma membrane H+-ATPase (11) resulting in 
hyperpolarization and acidification of the extracellular space. (12) Membrane 
hyperpolarization activates the inward-rectifying K+ channels leading to turgor 
increase and subsequently, stomatal opening. At the vacuolar membrane, (13) 
proton pumps acidify the vacuole lumen and drive the (14) K+/H+ antiporters. (15) 
Cl- and malate may accumulate in the vacuole through anion channel and 
antiporters (Adapted from Ward et al., 2009).   
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In the normal diurnal cycle, the opening of stomata during the dawn is contributed 

mainly by K+ uptake that is responsible for the rapid increase of the turgor 

(Talbott and Zeiger, 1996) while the opening process in the midday depends on 

sugar accumulation (Talbott and Zeiger, 1998). During the night, ABA 

biosynthesis is favored compared to ABA catabolism in the guard cells that 

contributes to stomatal closure (Tallman, 2004) (Figure 1.10). ABA accumulation 

is enhanced in darkness through ABA biosynthesis in guard cells and ABA 

transport by ABA transporters (e.g. ABCG22) from the apoplast to the guard cells	

(Kuromori et al., 2011). This activates the ABA signaling cascade that leads to 

stomatal closure through activation of S-type and R-type anion channels and also 

GORK channel (Figure 1.10). Furthermore, intracellular CO2 concentration 

increases during the night due to respiration. It has been previously 

demonstrated that CO2 contributes to the stomatal closure by activating the S-

type anion channels through the carbonic anhydrases activity in the guard cells 

(Hu et al., 2010).  
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Figure 1.10 ABA-dependent diurnal regulation of stomatal movements. (A) ABA 
biosynthesis and inhibition of ABA catabolism in the night. This leads to the 
increase of ABA level in guard cells that activates the Ca2+ efflux from the internal 
stores and the release of anion and K+ through S-type and R-type anion and 
GORK channels respectively, that ultimately induces stomatal closure. 
Gluconeogenic conversion of malate into starch contributes to the depleted level 
of malate2-. (B) In the morning, ABA catabolism is stimulated while its 
biosynthesis is suppressed, decreasing the ABA concentration in the guard cells. 
Activation of plasma membrane H+-ATPase occurs at low ABA level, resulting in 
H+ pumping followed by uptake of K+ and anions in the guard cells that increases 
the turgor pressure to open the stomatal pores (Adapted from Daszkowska-Golec 
and Szarejko, 2013). 

 

During drought stress, ABA biosynthesis is enhanced, and this can increase the 

concentration of ABA up to 30-fold	 (Outlaw, 2003). ABA biosynthesis is 

stimulated by the up-regulation of 9-cis-epoxycarotenoid dioxygenase (NCED3) 

enzyme, as demonstrated by the high and rapid NCED expression level within 15 

to 30 minutes upon leaf abscission or under a water-deficient condition	(Qin and 

Zeevaart, 1999,	Thompson et al., 2000,	Cheng et al., 2002). Drought stress also 
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stimulates the deconjugation of ABA-glucose ester (ABA-GE) stored in the 

vacuoles	 (Xu et al., 2002,	Seiler et al., 2011). Thus, both the drought-induced 

ABA biosynthesis and deconjugation pathways contribute to the increase level of 

ABA in vascular parenchyma cells. The uptake of vascular-derived ABA by 

ABCG transporters into the guard cells stimulates the ABA signaling network that 

leads to stomatal closure and inhibition of stomatal opening to prevent 

transpirational water loss. In short, ABA mediates the transpiration rate by 

triggering the changes in ion homeostasis particularly the K+ ions through 

modulation of ion channel activities in the guard cells that leads to the closing 

and inhibition of stomatal opening (Schroeder et al., 2001b,	Daszkowska-Golec 

and Szarejko, 2013). The elevated apoplastic pH induced by drought conditions 

leads to greater apoplastic retention of ABA to reduce the transpirational water 

loss in the leaves via root-to-shoot signal transduction (Davies and Zhang, 1991). 

 

With the discovery of the PYR/PYL/RCARs, a family of the soluble steroidogenic 

acute regulatory-related lipid transfer (START) proteins as ABA receptors, the 

core ABA signalosome that includes regulation of transcriptional response to 

ABA and stomatal movements are now increasingly well understood (Ma et al., 

2009, Park et al., 2009, Nishimura et al., 2010, Ng et al., 2014). It was previously 

shown that ABA could also be extracellularly perceived by the guard cells as 

evidenced by the cells response to impermeant ABA derivates (Jeannette et al., 

1999). Extracellular ABA perception prevents stomatal opening, while 
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intracellular perception of ABA promotes stomatal closure (Allan et al., 1994, 

Finkelstein, 2002). 

 

KAT1 and GORK are two well-characterized plasma membrane K+-permeable 

voltage-gated channels that are responsible for the changes in the guard cell K+ 

levels and contributes to the opening and closing of stomata (Pilot et al., 2001, 

Very and Sentenac, 2002, Hosy et al., 2003). The voltage-gated inward rectifying 

potassium KAT1 channel activates upon membrane hyperpolarization that leads 

to stomatal opening through K+ uptake into the guard cells. GORK acts in 

opposing manner by promoting the efflux of K+ upon membrane depolarization, 

which closes the stomatal pores resulting from cellular turgor loss (Roelfsema 

and Prins, 1997, Schroeder, 2003). The mechanisms of ABA-induced stomatal 

closure involve cytosolic alkalization (Gehring et al., 1990,	 Irving et al., 1992), 

inhibition of the plasma membrane proton pumps	(Goh et al., 1996,	Brault et al., 

2004), the increase of cytosolic Ca2+ (Schroeder and Hagiwara, 1990,	McAinsh et 

al., 1992) and activation of rapid (R-type) and slow (S-type) anion channels 

(Schroeder and Keller, 1992,	 Grabov et al., 1997,	 Roelfsema et al., 2006,	

Vahisalu et al., 2008), all which results in rapid and sustained membrane 

depolarization	 (Thiel et al., 1992, Brault et al., 2004) and subsequently, the 

inhibition of the inward-rectifying K+-channel (K+
in) and activation of K+

out (Blatt 

and Thiel, 1994,	 Lemtiri-Chlieh and MacRobbie, 1994). This series of events 

result in a net efflux of K+ and anions from the guard cells, osmotic water loss 
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and consequently stomatal closure (Schroeder et al., 2001b). ABA-induced 

stomatal closure has been reported to involve both Ca2+-dependent and Ca2+-

independent mechanisms even though stomatal closure correlates with 

increased cytosolic Ca2+ (Schroeder et al., 2001b).  

 

Apart from ionic fluxes regulation, ABA induces the expression of an annexin-like 

gene and syntaxin that are important for normal ion channel responses and 

stimulates the process of actin reorganization to a randomly oriented and short-

fragmented pattern to accommodate the changes in membrane surface area. 

Both vesicle secretion and endocytosis allow the changes in membrane surface 

area to support the stomatal movements (Eun and Lee, 1997,	 Kovacs et al., 

1998,	 Leyman et al., 1999,	 Schroeder et al., 2001a). In addition to the 

aforementioned guard cell-specific channels, there are other tissue- and cell-

specific channels that are essential to maintain the cellular K+ content. These 

channels help to compensate the loss of turgor throughout the plant body even at 

reduced transpiration rate due to comparable losses in other plant cells. For 

instance, ABA inhibits the activity of stellar K+ outward rectifier (SKOR) in 

mediating the xylem K+ concentration and outward K+ current in mesophyll cells 

but stimulates the expression of a weak inward K+ rectifier, AKT2 in the phloem 

tissue (Gaymard et al., 1998, Lacombe et al., 2000). The differential control of 

ABA suggests the cell-type specific ABA response within the leaf that contributes 

to plant adaption under drought stress	(Sutton et al., 2000). 
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Previous findings have shown that ABA promotes the current activity of K+
out 

channels that are predominantly responsible for the K+ efflux current activity in 

the guard cells	 (Blatt, 1992, Roelfsema and Prins, 1997). However, there are 

other postulated K+ efflux mechanisms that have been reported in addition to 

these K+
out channels (Schroeder et al., 1987, Blatt, 1992,	Roelfsema and Prins, 

1997). For instance, elevated Ca2+ level represses the cation-permeable 

conductance that mainly mediates Na+ influx in halophyte guard cells and the 

transiently activated outward rectifying K+ current (IAP) that causes the K+ efflux in 

Arabidopsis guard cells in response to repetitive depolarization	 (Schroeder, 

2003). Furthermore, a different type of plasma membrane K+ channel gene 

involved in the K+
out channel activities has been proposed, which is the KCO 

class in addition to SKOR and GORK	(Czempinski et al., 1997). 

 

1.1.6.1 Function of GORK in stomatal closure and plant transpiration 

 

Genetic evidence by Hosy et al. (2003) demonstrates that the Arabidopsis 

thaliana GORK gene (AT5G37500) encodes the major voltage-gated outward 

rectifying potassium channel of the guard cell membrane. GORK belongs to the 

Shaker-type K+ channels, which are the archetypal voltage-gated K+ channels, 

and is activated by depolarization of the membrane potential (Hosy et al., 2003, 

Ward et al., 2009). This results in the efflux of K+ from the guard cells that 
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contributes to stomatal closure	(Ache et al., 2000, Hosy et al., 2003, Sirichandra 

et al., 2009, Ward et al., 2009). It has been reported that disruption of GORK by 

T-DNA insertion can impair stomatal closure. This implies that GORK has a 

crucial role in the control of stomatal movements and plant transpiration 

especially during drought stress (Hosy et al., 2003). 

 

An Arabidopsis thaliana GORK subunit consists of a short N-terminal sequence, 

six annotated transmembrane segments (S1-S6) bearing a pore domain between 

S5 and S6, and a large cytoplasmic C-terminal region (approximately two-thirds 

of the protein) that includes a C-linker involved in channel targeting and activity, a 

cyclic nucleotide-binding domain (CNBD), an ankyrin protein-protein interaction 

domain and a conserved KHA domain at the end of the C-terminus (Lefoulon et 

al., 2016). KHA domain is enriched with hydrophobic and acidic residues that are 

unique to K+
in channels in plants. It is also believed to have a role in protein-

protein interactions such as tetramerization or stabilization of the heteromers 

(Daram et al., 1997,	Ehrhardt et al., 1997,	Zimmermann et al., 2001). 

 

GORK is highly expressed in the guard cells and can also be found in the root 

hairs (Ivashikina et al., 2001) as shown by previous GUS reporter gene (Pilot et 

al., 2001) and/or quantitative RT-PCR analyses (Ache et al., 2000, Szyroki et al., 

2001). However, the role of GORK in root peripheral cells remains elusive 

although it has been suggested that it may initiate membrane repolarization 
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following short-term depolarization in response to changes in environmental cues	

(Sharma et al., 2013,	Demidchik, 2014). Expression of GORK is enhanced in 

response to water deprivation and cold. GORK activity is increased by ABA in 

parallel with inhibition of KAT1 channel (Daszkowska-Golec and Szarejko, 2013). 

Clustering of GORK channels is correlated with changes in its gating and 

conductance activities (Eisenach et al., 2014). It was recently shown that the 

GORK channel activity is directly suppressed by the Arabidopsis thaliana PP2C 

(Lefoulon et al., 2016). This protein phosphatase directly binds to GORK and 

exerts a dominant inhibitory effect on the phosphomimetically activated mutations 

in GORK	 (Lefoulon et al., 2016). The phosphomimetic-mutations are located 

within or close to the ankyrin domain, suggesting the involvement of the ankyrin 

domain in channel gating. The dominant suppressing effect of PP2C over the 

GORK activation conferred by the mutations implicates the importance of PP2C 

in the regulation of GORK and SLAC1 channels to promote stomatal closure in 

the event of drought stress	(Lefoulon et al., 2016). 

 

1.2 Research aims 

 

This project aims to investigate and to characterize the physical, biochemical and 

cellular properties of the model plant Arabidopsis thaliana (ecotype Col-0) grown 

under single-wavelength red and blue laser lights. We have designed and 

developed a prototype laser growth chamber using a high-power and energy 
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efficient laser illumination system which consists of two DPSS lasers that 

generate single-wavelength laser beams at 671 nm (red) and 473 nm (blue) 

respectively.  

 

Optimization of a suitable light regime for the growth and development of 

Arabidopsis thaliana such as the wavelengths (in nm unit), light intensity (also 

known as the PPFD in μmol m-2 s-1 unit), and spectral composition (ratio of light 

components) was performed using both agar- and soil-based phenotypic 

analyses. This approach was undertaken under the illumination of 

monochromatic LEDs. The results obtained will then be analyzed with due 

reference to the literature to determine the optimal spectral quality and fluence for 

plant cultivation under single-wavelength laser lights.  

 

The physical, biochemical, molecular and proteomic signature profiles of the 

laser-grown plants represent suitable diagnostics of the plant physiological state 

and their photosynthetic efficiency in response to different light regimes. In 

addition, we are also interested to examine the effect of single-wavelength red 

and blue laser lights in the regulation of stomatal movement, particularly the 

changes in stomatal aperture. Here, we focus on the interaction of light-

dependent regulation of stomatal movement in the presence or absence of added 

ABA and the effect of ABA on the channel activity of Arabidopsis thaliana GORK 

channel (AT5G37500) that contributes to stomatal closure. We aim to 
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characterize the ABA-GORK interaction by using different approaches such as 

computational evaluations of the predicted ABA-GORK interaction, patch clamp 

characterization of the ATGORK channel that is heterologously expressed in 

HEK-293 cells and in vitro biochemical tests on the ABA-GORK candidate 

molecule which includes the site-directed mutants that have been recombinantly 

expressed in E.coli as well as in vivo studies on both wild-type and mutant plants. 

 

The computational assessments of the predicted ABA-interacting domain in 

ATGORK channel using homology modeling and molecular docking will provide 

some degree of confidence on the proposed ABA-GORK interaction. The patch 

clamp study will reveal the functions and physiological behavior of the ABA-

modulated current activity of a guard cell outward-rectifying potassium channel 

(K+
out), while the in vitro immunoassay characterization using an indirect ELISA 

method can at least partially evaluate the predicted ABA-interacting domain. 

Further in vivo work on both wild-type and mutant plants will confirm the in vitro 

functions and importantly, reveals the ability of ABA to directly modulate the K+ 

conductance of ATGORK and the concomitant physiological responses in planta. 

 

The fundamental biological data obtained from this study will provide a basis for 

further optimization of laser technologies for optimal plant growth. Given the 

potential benefits of laser light, we foresee that it will eventually be used in plant 

factories and drive highly energy-efficient plant cultivation. 
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CHAPTER 2 

 

DESIGN AND ASSEMBLY OF A LASER-ILLUMINATED PLANT GROWTH 

CHAMBER 

 

2.0 Abstract 

 

Indoor horticulture offers a sensible solution for sustainable food production and 

is becoming increasingly widespread. However, it incurs high energy and cost 

due to the use of artificial lighting such as high-pressure sodium lamps, 

fluorescent light or increasingly, the light-emitting diodes (LEDs). The energy 

efficiency and light quality of currently available horticultural lighting is 

suboptimal, and therefore less than ideal for sustainable and cost-effective large-

scale plant production. Here, we demonstrate the use of high-powered single-

wavelength lasers for indoor horticulture. They are highly energy-efficient and 

can be remotely guided to the site of plant growth, thus reducing on-site heat 

accumulation. Furthermore, laser beams can be tailored to match the absorption 

profiles of different plant species. This chapter describes the design, assembly 

and installation of a laser illumination system in a prototype plant growth 

chamber. We have developed a prototype laser growth chamber by incorporating 

two diode-pumped solid-state (DPSS) lasers that generate single-wavelength 

light beams at 671 and 473 nm respectively. We have also optimized a light 
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regime for the growth and development of Arabidopsis thaliana using both agar- 

and soil-based for phenotypic analyses under monochromatic LEDs. We found 

that the composition of red to blue light fraction at 9:1 ratio is best suited for the 

growth and development of Arabidopsis from seedling emergence to the seed-

bearing generation stage. We therefore applied these light parameters in our 

laser illumination prototype. 

 

2.1 Introduction 

 

Indoor horticulture enables all-year-round plant cultivation in a highly controlled 

growth environment that requires minimal water consumption and space 

especially when conducted in space-saving multi-tiered vertical growth settings 

that is particularly attractive in dense urban areas (Vanninen et al., 2010, Darko 

et al., 2014). Thus, indoor plant production can contribute to solutions for 

sustainable food production to meet the demands of a growing world population 

(Heuvelink et al., 2006, Moe et al., 2006). Commercial indoor farming relies 

heavily on artificial lighting employing conventional broad-spectrum sources such 

as the high-pressure sodium (HPS) and metal halide (MH) lamps, fluorescent 

lights and increasingly, the narrow spectrum light-emitting diodes (LEDs). The 

currently used light sources are inefficient because of their low light-to-heat 

output and the suboptimal light qualities for plant growth. Current lighting systems 

also incur high-energy cost that may include the cost for extensive cooling to 
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offset the high heat radiant output and this makes these lighting systems 

unsuitable for cost-effective large-scale plant production (Janda et al., 2015). 

 

Recent advancement in solid-state lighting (SSL) technologies have resulted in a 

significant contribution to the development of horticultural illuminants, such as 

LEDs for indoor plant cultivation in highly controlled environments and for space-

based plant growth systems in NASA’s Advanced Exploration Systems 

Habitation Projects (for review see Kim et al., 2004a, Massa et al., 2008, Morrow, 

2008). Application of LED lighting in plant growth was first documented in lettuce 

(Lactuca sativa L. cv. Grand Rapids) (Bula et al., 1991), in which the growth and 

development under monochromatic red LED (660 nm) supplemented with blue 

fluorescent lamps (400 – 500 nm) was comparable to that under cool-white 

fluorescent and incandescent lights. Thereafter and concomitant with the 

advancement of LED technology, there has been a surge in interest in the 

application of LED lighting in horticulture (reviewed in Massa et al., 2008, 

Morrow, 2008, Olle and Virsile, 2013, Darko et al., 2014, Singh et al., 2015). 

Despite the many advantages of LED application for indoor plant cultivation, the 

electrical-to-optical power conversion of LEDs remains inefficient beyond a 

certain electrical current (Wierer et al., 2013).  

 

Here, we demonstrate the use of high-powered single-wavelength lasers for 

indoor horticultural applications as semiconductor lasers offer unparalleled 
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advantages over existing illumination technologies (Neumann et al., 2011, Fan et 

al., 2015). Since lasers have much greater power conversion efficiency (PCE), 

they are highly energy-efficient and are suitable for directional emissions and 

operation at higher current densities (Wierer et al., 2013, Wierer et al., 2014). 

Unlike the conventional light sources, the narrow beam angle of laser light 

enables illumination over long distances thus allowing light to be generated 

remotely, eliminating the need to mount light panels directly above the plant 

growth area. Since the laser light source can be externally placed, indoor laser-

based horticulture can reduce undesirable on-site heat accumulation that is 

commonly associated with the currently used artificial lighting. This cool-emitting 

feature of laser light is economically attractive especially in larger enclosed 

growth spaces where extensive cooling that consumes both energy and water, is 

employed (Janda et al., 2015, Piovene et al., 2015). In addition, the single-

wavelength characteristic of laser allows the laser beams to be tuned (Yamazaki 

et al., 2002) and can be customized to specifically match the absorption profiles 

of different plant species and growth phases (Devlin et al., 2007, Massa et al., 

2008, Tsao et al., 2014). This high degree of flexibility may give rise to new 

lighting architectures as laser beams can be focused, steered and mixed for 

optimal results (Neumann et al., 2011). Despite the attractive economic potential 

and benefits of laser light, the use of laser technologies for plant cultivation is still 

in the early stages. 
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Here, we describe the design, assembly and installation of a laser illumination 

system in a prototype plant growth chamber. This laser illumination system 

consists of two diode-pumped solid-state (DPSS) lasers (Laserglow 

Technologies, Toronto, Canada) that generate single-wavelength light beams at 

671 and 473 nm respectively. Optimization of a suitable light regime for the 

growth and development of Arabidopsis thaliana such as the wavelengths (in nm 

unit), light intensity (also known as the PPFD in μmol m-2 s-1 unit), and spectral 

composition (ratio of light components) will also be undertaken using both agar- 

and soil-based phenotypic analyses. In this case, optimization will be performed 

under the illumination of monochromatic LEDs and the results obtained will then 

be analyzed with reference to the literature to determine the optimal spectral 

quality and fluence for plant cultivation under single-wavelength laser lights.  

 

2.2 Materials and methods 

 

2.2.1 Design, assembly and installation of a laser illumination system 

 

Pre-aligned laser beams emitted from the red and blue DPSS laser source 

respectively (maximum power output: > 500 mW; Class IV; Laserglow 

technologies, Toronto, Canada) were combined using a 1.27 cm diameter short-

pass dichroic mirror (cut-off wavelength at 589 nm) attached to an adjustable 

kinematic mount (Edmund Optics, Barrington, NJ) that is remotely placed outside 
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of the custom-built plant growth chamber (Percival Scientific, Perry, IA). This 

mirror allows the shorter wavelength blue laser beam to pass through but reflects 

the longer wavelength red laser beam at 90º to achieve parallel beam paths that 

converge at a reflector mirror mounted externally above an upper opening at the 

roof of the chamber. Both collimated (non-dispersive) red and blue laser beams 

are then reflected 90 º downward onto a 1-inch diameter multiple-ground glass 

engineered diffuser with a 50-degree divergence angle (ED1-S50, 90% 

transmission spectrum from 380 to 1100 nm wavelength) (Thorlabs Inc., Newton, 

NJ) that was custom-fitted at the inner opening on the roof of the chamber. Upon 

passing through the diffuser, the emitted red and blue laser beams diffuse and 

produce a non-Gaussian magenta-colored square light-pattern distribution 

illuminating an area of 227 cm2 that is fixed at 20 cm vertically below the diffuser. 

The distribution of light intensity covering the illuminated area was determined by 

taking an average of light intensities at five different horizontal points within the 

illuminated area fixed at 20 cm vertically below the diffuser. Here, we adjust the 

light intensity to an average total photon flux density of 90–100 μmol m-2 s-1 

consisting of 9:1 ratio of red (671 nm) and blue (473 nm) laser light. The light 

intensity (Photosynthetically Active Radiation (PAR) in μmol of photons m-2 s-1) 

was measured with a LI-250A light meter (LI-COR®, Lincoln, NE) equipped with 

the LI-190R quantum sensor. Due to the limitation imposed by the type of diffuser 

used and the small size of the growth chamber prototype, only seven Arabidopsis 

plants can be grown at any given time in our present prototype. We have also 
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created a program using the Labview software (National Instruments 

Corporation, Austin, TX) to achieve automated and continuous control of a pre-

defined light regime.  

 

2.2.2 Measurement of irradiance spectra of laser light regime 

 

The irradiance spectra and the corresponding chromaticity diagrams of the laser 

and cool-white fluorescent light were measured in situ using a GL SPECTICS 5.0 

Touch spectrometer (JUST Normlicht GmbH, Weilheim an der Teck, Germany) 

within the waveband range from 340 to 850 nm. The graphs were plotted using a 

OriginPro 8.5.1 SR2 software (OriginLab Corporation, Northampton, MA). 

 

2.2.3 Optimization of spectral composition for growth of Arabidopsis 

thaliana using LEDs 

 

Agar-based phenotypic analysis was performed to optimize spectral composition 

that is suitable for the growth and development of the model plant Arabidopsis 

thaliana (ecotype Col-0) (see Section 2.2.4.2). Measurements performed during 

the early developmental stages using this plate-based approach encompasses 

daily visual inspection of radicle emergence, the opening and expansion of 

cotyledons, hypocotyl length, percentage of germination, number of rosette 

leaves and length of primary root to assess the seedling development of the 
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imbibed seeds grown on vertical agar plates under different LEDs light regime 

(Table 2.1). In addition to the growth data collected, biochemical analysis of 

these LED-grown seedlings (see Section 2.2.5) was also undertaken to 

determine the optimal light quantity and quality such as the light intensities (μmol 

m-2 s-1), wavelengths (nm) and ratio of light compositions. Plants were 

germinated and grown on agar plates arranged vertically in plastic racks in CLF 

floraLEDs and customized growth chambers (Percival Scientific, Perry, IA) under 

different light conditions (Table 2.1) at 22°C with a relative humidity of 50-60 %. 

The CLF floraLED modules are equipped with up to 700 LEDs that consist of four 

different types of LEDs (white, red (670 nm), blue (470 nm) and far-red (740 nm) 

LEDs). These modules are fully integrated in the growth chamber and 

programmed over the Intellus Ultra Controller to enable the control of each 

individual LED panel for adjustment of light intensity and composition. The light 

intensity (Photosynthetically Active Radiation (PAR) in μmol of photons m-2 s-1) 

was measured with a LI-250A light meter (LI-COR®, Lincoln, NE) equipped with 

the LI-190R quantum sensor. 
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Table 2.1 Different LEDs light regime for optimization of spectral composition  

Light composition  Light intensity (μmol m-2 s-1) Photoperiod (hr) 

White LEDs 22 24 

Cool-white fluorescent 22 16 

Far-red LEDs 3.65 24 

Red LEDs 5 24 

Blue LEDs 10 24 

Blue LEDs 20 24 

87% blue + 11% red + 2% far-red LEDs 22 24 

73% red + 22% red + 5% far-red LEDs 22 24 

73% red + 22% red + 5% far-red LEDs 22 16 

90% red + 10% blue LEDs 22 16 

 

2.2.4 Measurement of physical parameters 

 

2.2.4.1 Soil-based phenotypic analysis 

 

Arabidopsis plants were sown and grown in a mixture of soil and vermiculite at 

3:1 ratio in individual pots under the LED light regime (9:1 ratio of red (670 nm 

peak) and blue (470 nm peak) LED (RB) light) at an average photon flux density 

of 75 μmol m-2 s-1 for 16/8-hour photoperiod at 22 °C with a relative humidity of 

50–60 %. Plants that were germinated and grown under cool-white fluorescent 

light at the similar light intensity were used as controls. Plants were regularly 

watered at intervals of three to four days or as required depending on the 

developmental stage. Visual observation or inspection was performed every two 
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days beginning from seed germination and continued throughout the life cycle of 

the plant specifically noting the leaf morphology, leaf number and bolting and 

flowering times.  

 

2.2.4.2 Agar-based phenotypic analysis 

 

Col-0 seeds were surface-sterilized with 70 % (v/v) absolute ethanol (Sigma-

Aldrich, St. Louis, MO) for five minutes followed by 20 % (v/v) sodium 

hypochlorite solution (Thermo Fisher Scientific, Waltham, MA) for five minutes. 

The seeds were rinsed with sterile deionized water for four times. Sterile seeds 

were stratified at 4°C in the dark for three to four days prior sowing to half-

strength Murashige and Skoog Basal Salt Mixture (MS) agar medium (Sigma-

Aldrich Chemie GmbH, Steinheim, Germany) (with sucrose supplementation, pH 

5.7). Plants were germinated and grown under different LED light compositions 

and intensities (Table 2.1) for a period of five days in a continuous light regime or 

a 16 hour day length at 22°C with a relative humidity of 50-60 %. Daily visual 

observation or inspection was performed on the imbibed seeds to assess 

seedling and root development from the time of sowing until the seedlings were 

harvested on day five after sowing for biochemical analysis (see Section 2.2.5). 

Hypocotyl length was measured using ImageJ software (Schneider et al., 2012). 

The root length was measured daily using a ruler. The plates were routinely 
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adjusted to a new position in the growth chamber every two days to minimize for 

position-dependent variations in the plate-based assay (Boyes et al., 2001). 

 

2.2.4.3 Shoot fresh and dry mass 

 

Shoots of Arabidopsis thaliana (ecotype Col-0) were harvested and the fresh 

weight was determined at day 22 after sowing and growing under the red and 

blue LEDs illumination. The plant material was then dried in at 65 °C until a 

consistent dry weight is obtained. 

 

2.2.5 Biochemical measurements 

 

2.2.5.1 Total chlorophyll and carotenoid contents 

 

Rosette leaves of a similar size were harvested from different plants exposed to 

cool-white fluorescent light or the LED light regime at 22 days after sowing. The 

fresh weights (mg) of the leaves were determined. The total chlorophyll and 

carotenoid were extracted by boiling the leaves in 100 % (v/v) absolute ethanol 

(Sigma-Aldrich, St. Louis, MO) at 99 °C for 5 – 10 minutes until the leaf turned 

white. The optical density of chlorophyll a (Chl a), chlorophyll b (Chl b) and 

carotenoids (Car) at 665 nm (OD665), 649 nm (OD649) and 470 nm (OD470) 

respectively were recorded on a PHERAstar FS microplate reader (BMG 
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Labtech, Ortenberg, Germany) using a flat-bottom Costar 96-well UV transparent 

plate (Corning Inc., Brooklyn, NY) at room temperature, after which the values 

were determined as described previously (Sharkhuu et al., 2014). 

 

Chl a = (13.95 x OD665) – (6.88 x OD649) 

Chl b = (24.96 x OD649) – (7.32 x OD665) 

Total chl (μg mL-1 mg-1) = [Chl a + Chl b] x V 

            1000 x W 

Total car (μg mL-1 mg-1) = [(1000 x OD470) – (2.05 x Chl a) – (114.8 x Chl b)]/245 x V  

      1000 x W 

Where V is the total volume of ethanol added (μL) and W is the fresh weight (mg) of the 
sample. 

 

2.3 Results and discussion 

 

2.3.1 A laser-illuminated plant growth chamber prototype 

 

The design, assembly and installation of a laser illumination system in a 

prototype plant growth chamber are represented in Figure 2.1. This laser 

illumination system consists of two diode-pumped solid-state (DPSS) lasers 

(Laserglow Technologies, Toronto, Canada) that generate single-wavelength 

laser beams, adjusted to a ratio of 9:1 of red (671 nm):blue (473 nm), giving an 

average of total photon flux density of 90–100 μmol m-2 s-1 (see Section 2.2.1). 

The two laser beams emit the photosynthetic dominant wavelengths that 

correspond to the absorption peaks of light-harvesting antennal pigments	(Kim et 
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al., 2004a;Folta and Maruhnich, 2007;Vanninen et al., 2010). DPSS lasers are 

solid-state lasers which consist of a laser diode that pump a solid gain medium, 

for instance a ruby or a neodymium doped yttrium aluminium garnet (YAG) 

crystal. DPSS lasers offer advantages in higher energy efficiency, longer 

operational lifetime and compactness with greatly improved spatial and spectral 

characteristics (high beam quality) (Figure 2.2) (Davarcioglu, 2010). DPSS laser 

can emit radiation at essentially a single-wavelength and enables the laser 

beams to be tuned to a particular wavelength that specifically match the 

absorption profiles of different plants and growth phases to enhance 

economically relevant traits (Figure 2.2) (Yamazaki et al., 2002, Devlin et al., 

2007, Massa et al., 2008, Tsao et al., 2014). Furthermore, lasers can either be 

operated in continuous wave or pulse mode at room temperature. The lifetime of 

a diode laser can be enhanced in pulsed operation, avoiding frequent 

replacement of the light source, which is of a particular advantage in space-

based plant growth and human life-support applications (Fan, 1990).  

 

In this system (Figure 2.1), both the red and blue laser beams are combined 

when the beams converged at a 1.27 cm short-pass dichroic mirror (with a cut-off 

wavelength at 589 nm), guided through free space to a reflector secured above 

an opening in the roof of the chamber approximately 30 cm away from the first 

dichroic mirror. The reflector directs the combined laser beams perpendicularly 

downwards through an opening at the roof of the custom-built plant growth 
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chamber (Percival Scientific, Perry, IA) that is tightly fitted with a 1-inch diameter 

multiple-ground glass engineered diffuser with a 50-degree divergence angle 

(ED1-S50, 90% transmission spectrum from 380 to 1100 nm wavelength) 

(Thorlabs Inc., Newton, NJ). Upon passing through the diffuser, the emitted red 

and blue laser beams diffuse and produce a non-Gaussian magenta-colored 

square light-pattern distribution illuminating an area of 227 cm2 that is fixed at 20 

cm vertically below the diffuser (Figure 2.1b). Homogeneity of the light intensity 

distribution is largely dependent on the characteristics of the diffuser and in this 

case is limited by the size and the nature of diffuser. Consequently, the light 

intensities decrease with increasing distance from the central position of the 

diffuser (Hu et al., 2007). We took an average of light intensities measured at five 

different horizontal points within the illuminated area, adjusted accordingly to the 

fixed total PPFD of 90–100 μmol m-2 s-1 to account for the intensity differences 

(see Section 2.2.1).  

 

The main advantage of using DPSS laser in our prototype is that the laser light 

source is externally placed outside of the growth chamber (Figure 2.1a) as DPPS 

lasers emit a single coherent beam with higher radiance that enables illumination 

over far distances. This reduces undesirable on-site heat accumulation that is 

commonly associated with the currently used artificial lighting. However, the 

complexity of DPSS lasers that requires a more rigid construction as compared to 

the small size of laser diodes restricts the flexibility of the lighting system in our 
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prototype. Moreover, DPSS lasers are also more expensive and are sensitive to 

temperature and can only operate optimally within a small range (between 20 °C 

to 35 °C) (Davarcioglu, 2010). Our prototype at the present can only allow us to 

grow seven Arabidopsis plants at the same time due to the limitation imposed by 

the type of diffuser used and the small size of our growth chamber prototype. 

Laser diodes on the other hand are small size, durable and are able to operate at 

higher optical output power with ease of operation and manipulation at 

comparable costs (Hu et al., 2007). Because laser diodes can be precisely 

modulated with a greater frequency as compared to the DPSS lasers, this can 

give rise to new lighting architectures (Davarcioglu, 2010, Wierer et al., 2014), for 

instance, the use of multiple diode lasers for power scalability while maintaining 

high efficiency and good beam quality, which can provide a good homogeneity of 

light distribution for plant growth.  
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Figure 2.1 A laser-illuminated plant growth chamber prototype. (a) A laser-illuminated 
plant growth chamber prototype used in this study. Inset: (i) Light distribution 
(magenta in color) of the laser illuminated growth area upon passing through the 
engineered diffuser. (ii) Position of the red (671 nm) and blue (473 nm) DPSS 
lasers and the optics inside the protective black metal case. (b) Schematic 
illustration of the prototype and the potential applications of laser as primary and 
supplementary lighting for horticulture and light-related research. The laser 
modules and optics are installed external of a custom-made growth chamber 
(Percival Scientific, Perry, IA) and are enclosed in a protective black metal case. 
The laser illumination system consists of two diode-pumped solid-state (DPSS) 
lasers (maximum power output: > 500 mW; Class IV; Laserglow technologies, 
Toronto, Canada) that generate a 9:1 ratio of red (671 nm) and blue (473 nm) 
laser beams that are combined at a 1.27 cm short-pass dichroic mirror (with a 
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cut-off wavelength at 589 nm) and guided a 1-inch diameter multiple-ground 
glass engineered diffuser with a 50-degree divergence angle that is custom-fitted 
at an opening on the roof of the chamber providing a non-Gaussian magenta-
colored square light-pattern distribution illuminating an area of 227 cm2 that is 
fixed at 20 cm vertically below the diffuser. 

 

 

 

 

 

Figure 2.2  Beneficial attributes of laser technology for horticultural applications. 
Single-wavelength laser is highly energy-efficient with much higher power 
conversion efficiency (PCE) (up to 60 %) and has a longer lifespan (up to 100 
000 hours) than existing illumination technologies	 (Gomez et al., 2013). Also, 
laser exhibits a much narrower spectral bandwidth and is highly tunable where 
the wavelength and intensity of individual single waveband laser can be 
customized to specifically match the absorption profiles of different plant species 
and growth phases to enhance economically relevant traits	 (Neumann et al., 
2011). This high degree of flexibility can give rise to new lighting architectures as 
laser beams can be focused, steered and mixed from remote locations for 
optimal results, thus preventing on-site heat accumulation	(Humphreys, 2008). 

 

2.3.2 Spectral composition and chromaticity diagram of cool-white 

fluorescent and red and blue laser light 

 

The spectral characteristics such as the dominant wavelengths, the ratios and 

color spaces of both the white fluorescent and laser light used in this study are 

shown as spectral composition and chromaticity diagrams (Figure 2.3). The 

spectral irradiance of the laser light (Figure 2.3b) indicates increased efficiency in 

irradiance and narrow bandwidth output in comparison to the broad-spectrum of 

the cool-white fluorescent light (Figure 2.3a). Since DPSS laser output is 
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narrowband, most of the energy that passes through the solid gain medium is 

absorbed and utilized, which gives rise to emission of single coherent beam with 

higher radiance and at higher peak power (Fan, 1990). This is consistent with the 

higher peak of irradiance observed for red DPSS laser at 671 nm (Figure 2.3b), 

which demonstrates a more than 10-fold higher irradiance value than the red 

spectrum (610 nm) of the cool-white fluorescent light. Furthermore, the spectral 

distribution of the laser light regime (Figure 2.3b) confirms the 9:1 ratio of red 

(671 nm) and blue (473 nm) lasers used in our prototype chamber. Also, the 

narrow bandwidth of the lasers at higher output power and beam quality as 

demonstrated by the spectral composition (Figure 2.3b) gives tenability for plant 

growth and cultivation as laser beams can be focused, steered and mixed for 

optimal results (Neumann et al., 2011). The chromaticity diagram of the laser 

light shows the colour coordinate at (0.50, 0.47) (Figure 2.3d) and is consistent 

with the magenta-colored light distribution observed (Figure 2.1a(i)).  
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Figure 2.3 Spectral composition and chromaticity diagram of cool-white fluorescent 
and red and blue laser light. The spectral composition of (a) the cool-white 
fluorescent (W), and (b) red and blue DPSS lasers (RB) used in this study. 
Irradiance spectra of each respective light source were measured in situ using a 
GL SPECTICS 5.0 Touch spectrometer (JUST Normlicht GmbH, Weilheim an der 
Teck, Germany) within the waveband range from 340 to 850 nm. The graphs 
were plotted using a OriginPro 8.5.1 SR2 software (OriginLab Corporation, 
Northampton, MA). The corresponding chromaticity diagrams for (W) and (RB) 
light are shown in (c), and (d), respectively. The (W) light has CIE (Commission 
Internationale de l'Eclairage) 1931 color coordinates (black cross), correlated 
color temperature, and color rendering index of (0.39,0.38), 3879, and 82.4 
respectively. These values are used to quantify human perception of light quality. 
As for the (RB) light, the dosage is more important than the perceived color of 
light to confirm the narrow spectrum of the laser characteristic, as indicated by 
the color coordinates (0.50, 0.47). 
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2.3.3 Seedling development of Arabidopsis thaliana under different 

regimes of LEDs for optimization of spectral composition 

 

To investigate the effect of light quantity and quality such as the PPFD (μmol m-2 

s-1), wavelengths (nm) and ratio of light compositions that are optimal for growth 

and development of Arabidopsis thaliana, we first assayed the seedling 

emergence by measuring the hypocotyl length, percentage of germination as well 

as examining the total chlorophyll and carotenoid content of the seedlings grown 

under different regimes of LEDs at day five after sowing (Figure 2.4). In 

comparison to cool-white fluorescent light treatment, we noted that the 

composition of red to blue LEDs at 9:1 ratio (Figure 2.4c) is best suited for the 

early growth development of Arabidopsis plantlets. In addition, we also confirmed 

the feasibility of this light composition on the later growth stages using soil-based 

approach (see Section 2.3.4). Our findings are consistent with previous studies 

that used the same light ratio to grow lettuce (Bula et al., 1991, Yorio et al., 2001, 

Stutte et al., 2009), spinach (Yorio et al., 2001) and cucumber (Hernandez and 

Kubota, 2016), and we therefore used these light parameters for our laser 

illumination prototype. It has been reported (Hernandez and Kubota, 2016, Wang 

et al., 2016) that while increasing blue light fraction promotes photosynthetic 

efficiency for optimal plant productivity, 7% of blue light was sufficient to prevent 

dysfunctional photosynthesis (Hogewoning et al., 2010). The presence of 

monochromatic red or blue light alone is not sufficient for plant growth and 
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development. It has been shown that plants grown under red light alone exhibit 

abnormal leaf morphology and reduced photosynthetic performance (Goins et al., 

1998, Wang et al., 2009, Hogewoning et al., 2010), which is also observed in 

solely blue light-grown plants	 (Kim et al., 2004b, Lee et al., 2007). Here, we 

observed that Col-0 seedlings germinated under red or blue LEDs light alone 

have higher hypocotyl length (Figure 2.4 a(i)) but lower carotenoid content 

(Figure 2.4 b(ii)) in comparison to cool-white fluorescent light although they did 

reach 100% germination rate. However, the chlorophyll level of seedlings grown 

under blue light alone is higher than the one in red or white-light illuminated 

plants (Figure 2.4 b(i)). Moreover, the chlorophyll content increases with the 

increase of blue light intensity from 10 μmol m-2 s-1 to 20 μmol m-2 s-1 (Figure 2.4 

b(i)). It has been demonstrated that the proportion of the blue light fraction added 

to the light condition can affect chlorophyll content	(Johkan et al., 2010, Wang et 

al., 2016). Blue light promotes the synthesis of chlorophyll more effectively than 

the red light (Bukhov et al., 1992), which may help to facilitate both the light 

absorption and photosynthesis (Johkan et al., 2010). It has been shown that the 

chlorophyll content increases with decreasing red:blue light ratio (Hernandez and 

Kubota, 2016, Wang et al., 2016). Overall, we deduced that the optimal 

composition of red to blue LEDs for the growth and development of Arabidopsis 

thaliana is at 9:1 ratio. 
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Figure 2.4  Seedling emergence of Arabidopsis thaliana under different regimes of 
LEDs for optimization of spectral composition. (a) Physical measurements of 
(i) hypocotyl length and (ii) percentage of seed germination and (b) biochemical 
analysis of (i) total chlorophyll and (ii) total carotenoid level of 5-days old Col-0 
seedlings to determine the optimal spectral composition, i.e. ratio and light 
components, for the growth and development of Arabidopsis thaliana. Sterile Col-
0 seeds were stratified at 4°C in the dark prior sowing to half-strength Murashige 
and Skoog (MS) agar medium (with sucrose, pH 5.7). Plants were germinated 
and grown under different LED light compositions and intensities for a period of 
five days in a continuous light regime or for 16/8 hour photoperiod at 22°C with a 
relative humidity of 50-60 %. Hypocotyl length was measured using the ImageJ 
software. Error bars represent standard errors of the means calculated from n > 
18, where n represents independent biological replicates. (c) 5-days old 
Arabidopsis seedlings grown under cool-white fluorescent (W) and red and blue 
(RB) LED light regime (9:1 ratio of red (670 nm peak) and blue (470 nm peak)) 
respectively at an average photon flux density of 22 μmol m-2 s-1 for 16/8-hour 
photoperiod. 

 

2.3.4 Physical characterization of plants grown under a 9:1 ratio of red and 

blue LED light 

 

2.3.4.1 Soil-based phenotypic analysis 

 

We show that plants grown under a 9:1 ratio of red and blue LED light appeared 

to be healthy (Figure 2.5) and are able to complete a full growth cycle from seed 

to seed albeit with distinct phenotype (i.e. elongated petiole length, broader and 

expanded leaf blade) (Figure 2.5) as compared to the control plants that were 

grown under white fluorescent (W) light. Leaves of the LED-grown plants 

observed were yellowish green in colour as compared to the darker green shade 

of leaves of the control plants. This suggests due to either of improper greening 

or faster progression towards plant senescence. This is consistent with a 

previous study that shows the Arabidopsis plants grown under red LEDs alone 
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were able to complete a full growth cycle from seed-to-seed, however, with 

abnormalities observed in the leaf morphology as compared to plants grown 

under white fluorescent light (Goins et al., 1998). The red LED-grown plants 

displayed downward curling of leaf margins and spiral growth of the rosette 

leaves, in which the addition of blue light restored to normal leaf morphology 

(Goins et al., 1998). In our LED light regime, we observed an increase in both the 

fresh and dry weights of LED-grown plants (Figure 2.6) and this is consistent with 

previous studies that showed higher biomass accumulation in plants grown under 

the same light ratio (Bula et al., 1991, Stutte et al., 2009, Hernandez and Kubota, 

2016). Taken together, we confirmed that the composition of red to blue light 

fraction at 9:1 ratio is well suited for the growth and development of Arabidopsis 

from seedling emergence to the seed-bearing generation stage. We therefore 

used these light parameters for our laser illumination prototype. 
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Figure 2.5 Morphology of plants grown under a 9:1 ratio of red and blue LED light. 
Phenotypic observation of (i) 14-days old and (ii) 21-days old Arabidopsis plants 
grown under the LED light regime (9:1 ratio of red (670 nm peak) and blue (470 
nm peak) LED (RB) light) at an average photon flux density of 75 μmol m-2 s-1 for 
16/8-hour photoperiod at 22 °C with a relative humidity of 50–60 %. RB LED-
grown plants displayed distinct phenotype, i.e. elongated petiole length, broader 
and expanded leaf blade and yellowish green colored leaves as compared to the 
control plants that were grown under white fluorescent (W) light. 

 

 

 

 

 

Figure 2.6  Fresh and dry weights of Arabidopsis plants grown under a 9:1 ratio of red 
and blue LED light. Measurement of (i) fresh and (ii) dry weight of 22-days old 
RB LED-grown plants. Arabidopsis plants were germinated and grown under RB 
LED light regime at an average photon flux density of 75 μmol m-2 s-1 for 16 hour 
day length at 22 °C with a relative humidity of 50–60 %. Error bars represent 
standard error of the mean calculated from 10 independent biological replicates. 
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2.3.5 Biochemical characterization of plants grown under a 9:1 ratio of red 

and blue LED light 

 

In contrast to a previous study that demonstrated reduced chlorophyll levels of 

spinach (Spinacea oleracea L. cv. Nordic IV) grown under a 9:1 ratio of red LED 

(660 nm) and blue fluorescent light (Yorio et al., 2001), here, we observed 

increased production of both chlorophyll and carotenoid in Col-0 plants grown 

under the same light ratio of LED lights (Figure 2.7). Chlorophyll biosynthesis is 

mediated by both phytochromes and cryptochromes, which may explain the 

synergistic effect of red and blue light in stimulating the production of these 

photosynthetic pigments (Hernandez and Kubota, 2016). Earlier studies have 

shown that the absence of blue light was detrimental to chlorophyll biosynthesis 

in wheat seedlings (Tripathy and Brown, 1995), spinach	(Matsuda et al., 2008), 

Rosa x hybrid (Terfa et al., 2013) and cucumber seedlings	(Hogewoning et al., 

2010,	 Hernandez and Kubota, 2016). Blue light supplementation was able to 

restore chlorophyll biosynthesis of wheat seedlings germinated under red light 

alone (Tripathy and Brown, 1995). Chlorophyll content per leaf area of lettuce 

(Lactuca sativa L.) grown under the combination of red and blue lights was higher 

than those grown under monochromatic red or blue light (Wang et al., 2016). 

High chlorophyll level promotes photosynthetic rate by increasing the capacity of 

light absorption. This suggests that the presence of abundant level of light-
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harvesting antennae pigments enhances the electron transport and Calvin cycle 

activities in photosynthesis (Evans, 1988, Wang et al., 2016). 

 

 

 

 

 

 

Figure 2.7 Total chlorophyll and carotenoid quantification of Arabidopsis plants 
grown under LEDs regime. Biochemical analysis of (i) total chlorophyll and (ii) 
carotenoid level of 22-days old RB LED-grown plants. Arabidopsis plants were 
germinated and grown under the LED light regime (9:1 ratio of red (670 nm peak) 
and blue (470 nm peak) LED (RB) light) at an average photon flux density of 75 
μmol m-2 s-1 for 16/8-hour photoperiod at 22 °C with a relative humidity of 50–60 
%. Error bars represent standard error of the mean calculated from 10 
independent biological replicates. 
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2.4 Conclusion 

 

In conclusion, we have designed and developed a prototype laser-illuminated 

growth chamber by introducing two photosynthetic dominant wavelengths; red 

and blue coherent DPSS laser sources at 671 nm and 473 nm respectively. In 

this study, we have also optimized a suitable light regime for the growth and 

development of Arabidopsis thaliana such as the wavelengths (in nm unit), light 

intensity (also known as the PPFD in μmol m-2 s-1 unit), and spectral composition 

(ratio of light components) using both the agar- and soil-based phenotypic 

analyses, in which was done under the illumination of monochromatic LEDs.  

 

The physical and biochemical data obtained were analyzed with reference to the 

literature to determine the optimal spectral quality and fluence for plant cultivation 

under single-wavelength laser lights. This lend support to the feasibility of 9:1 

ratio of red and blue light to be tested on our laser illumination prototype, in which 

we aim to investigate and to characterize the physical, biochemical and cellular 

properties of the model plant Arabidopsis thaliana grown under solely single-

wavelength red and blue laser lights in the next chapter. Follow-up studies will 

center on fine-tuning of the laser illumination prototype and with concomitant 

optimization of the spectral quality and quantity for specific plant species, we 

foresee that the high power and energy-efficient attributes of lasers can be fully 

harnessed for horticultural applications. 
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CHAPTER 3 

 

GROWTH AND DEVELOPMENT OF ARABIDOPSIS THALIANA UNDER 

SINGLE-WAVELENGTH RED AND BLUE LASER LIGHT 

 

3.0 Abstract 

 

Despite the attractive economic potential and benefits of laser light, the use of 

laser technologies for plant cultivation is still only in its early stages. To our 

knowledge, this is the first report to use solely single-wavelength red and blue 

laser light to grow plants. This chapter describes the characterization of growth 

and development of the model plant Arabidopsis thaliana (ecotype Col-o) under 

single-wavelength red (671 nm) and blue laser (473 nm) light at 9:1 ratio. We 

have developed a prototype laser growth chamber and demonstrate that plants 

grown under laser illumination can complete a full growth cycle from seed to seed 

with phenotypes resembling those of plants grown under LEDs reported 

previously. In laser-grown plants, the emergence of new leaves, bolting and 

flowering times are slightly delayed. We also observed reduced dry weight, 

chlorophyll content as well as transpirational water loss of the laser-grown plants. 

Importantly, the plants have lower expression of proteins diagnostic for light and 

radiation stress. The phenotypical, biochemical and proteome data suggest that 

the single-wavelength laser light is suitable for plant growth and therefore, 
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potentially able to unlock the advantages of this next generation lighting 

technology for highly energy-efficient horticulture. 

 

3.1 Introduction 

 

Sunlight is essential in photosynthesis to power the photochemical reactions, 

generating sufficient amount of carbohydrate and ATP energy for plant growth 

and productivity	(Folta and Maruhnich, 2007, Takahashi and Badger, 2011). Plant 

development and physiology in return, is dependent on the spectral qualities and 

distribution of the natural sunlight afforded in their growth environments. A 

comparison of the photosynthetically active radiation (PAR) spectrum with the 

individual absorption spectral of light-absorbing antennal pigments: chlorophylls 

a/b and carotenoids which includes β-carotene, lutein, violoxanthin and 

neoxanthin revealed that red and blue lights are the photosynthetically dominant 

wavelengths that are efficiently absorbed by plants to promote their growth and 

development	 (Kim et al., 2004, Folta and Maruhnich, 2007, Terashima et al., 

2009, Vanninen et al., 2010, Olle and Virsile, 2013). 

 

Photosynthetic reaction is initiated by the light absorption by chlorophylls 

attached to the light-harvesting chlorophyll-protein (LHC) complexes in the 

thylakoid membranes. Chlorophylls are important photosynthetic pigments that 

absorb both the red and blue lights effectively	(Johkan et al., 2010). These light-
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absorbing pigments consist of a porphyrin ring, which is a highly conjugated 

system that contains a central Mg2+ ion and additional five-membered ring. The 

porphyrin ring is attached to a long hydrocarbon side chain to facilitate the 

chlorophyll binding to hydrophobic regions of the chlorophyll binding proteins	

(Lodish et al., 2000). The light energy absorbed enables the transfer of electrons 

from the water molecule that forms oxygen to a primary electron acceptor in the 

photosynthetic reaction pathway	 (Johkan et al., 2010). Chlorophyll a is the 

dominant light-absorbing pigment found in both antennas and reaction centres of 

a photosystem, which is able to absorb light readily and initiate photosynthesis, 

while chlorophyll b and carotenoids are antenna pigments that absorb light at 

different wavelengths. The presence of various antenna pigments widens the 

light spectrum that can be absorbed and utilised for photosynthesis	(Lodish et al., 

2000).  

 

Phytochromes are red and far-red light-sensitive photoreceptors, whereas the 

cryptochromes and phototropins are specific receptors for blue light	(Briggs and 

Olney, 2001). These light receptors also appear to cross-talk with each other 

(Chory and Wu, 2001) and with other environmental cues as well as taking part in 

important regulatory roles such as the control of circadian rhythm and directional 

growth. This suggests that the light perception has broader implications than just 

defining photosynthetic metabolism	(Franklin and Whitelam, 2004). However, the 

underlying mechanisms contributed by the different PAR wavelengths that 
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govern plant photomorphogenesis and development remain largely unknown 

(Hogewoning et al., 2010b). It is now understood that plants do not require the 

wavebands of the entire light spectrum for their growth and development	

(Morrow, 2008). In fact, they respond negatively to some wavelengths but 

positively to others and this may be an adaptive strategy to optimize light capture 

when encountering unfavorable light conditions (Dougher and Bugbee, 2001, 

Morrow, 2008). For instance, many of the responses induced by green and far-

red wavelengths are counterintuitive	 (Folta and Maruhnich, 2007). These 

photosynthetically inefficient wavebands were shown to have inhibitory roles 

against the growth-promoting properties of red and blue light e,g during 

vegetative development, photoperiodic flowering, stomatal opening and stem 

growth modulation	(Wang and Wang, 2015). 

 

The combination of red and blue monochromatic LEDs at different wavebands 

and light intensities as primary light source for the growth and development of 

green vegetables such as lettuce (Lactuca sativa)	(Bula et al., 1991, Tamulaitis et 

al., 2005, Stutte et al., 2009, Johkan et al., 2010, Wang et al., 2016), spinach 

(Spinacia oleracea) (Yorio et al., 2001), cabbage (Brassica oleracea) (Avercheva 

et al., 2009, Li, 2012) and cucumber (Cucumis sativus) (Hogewoning et al., 

2010b, Hernandez and Kubota, 2016) as well as herbal plants	(Sabzalian et al., 

2014) have been reported previously. Besides LEDs, previous studies that utilise 

laser as supplementary lighting for plant cultivation have been demonstrated. 
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Red laser diode with a peak emission at 680 nm with 500 mW output power 

supplemented with 5 % of blue fluorescent light has been previously applied to 

grow rice (Oryza sativa L. cv. Kitaibuki) from the early vegetative to the seed 

yield stage. However, this light regime resulted in both lower tiller spikes and 

seed yield (Yamazaki et al., 2002). Furthermore, another red laser diode at 650 

nm with 7 mW output was used as a supplementary lighting to grow eggplant and 

sweet pepper	(Hu et al., 2007). In this case, the authors do not state the nature of 

any additional light sources and it is not conceivable that the reported growth 

parameters could have been achieved in the absence of blue light (Hu et al., 

2007). Recently, the use of projector laser scanner consisting of laser diodes (50 

to 100 mW) combined at three wavelengths (450 nm, 570 nm and 640 nm) in 

comparison to fluorescent lamp has been shown to be sufficient to grow radish 

sprouts by directing the emitted photons to the leaf surface	 (Murase, 2015). 

Fluorescent lighting is less efficient as compared to laser as it emits several 

discrete wavelengths ranging from 350 nm to 750 nm in all directions and many 

of these wavelengths do not match the absorption profile of the plant 

photosynthetic apparatus	(Janda et al., 2015).  

 

Here, we will demonstrate the use of single-wavelength laser light as sole light 

source for indoor plant cultivation by applying our laser illumination system on the 

growth and development of Arabidopsis thaliana (ecotype Col-0). We 

hypothesize that by providing optimized spectral output that matches the 
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photosynthetic absorption peaks, this laser illumination system is sufficient for 

plant growth and development and avoids energy wastage that is contributed by 

the reflection of photosynthetically inefficient light qualities to maximize plant 

productivity. This project aims to study the influence of single-wavelength red and 

blue laser light on plant growth and development. The fundamental biological 

data presented in this study serves as a platform for the development of next 

generation lighting technology to be harnessed for highly energy-efficient plant 

cultivation. 

 

3.2 Materials and methods 

 

3.2.1 Plant material and growth conditions 

 

Arabidopsis thaliana, ecotype Columbia (Col-0) seeds were stratified at 4 °C in 

the dark for at least four days prior to sowing and growing on a growth medium 

consisting of a mixture of Jiffy plant starter pellets (Jiffy Products (NB) Ltd., New 

Brunswick, Canada) and vermiculite at a ratio of 3:1 in individual 5.08 cm pots. 

Plants were regularly watered at intervals of three to four days or as needed 

depending on the plant developmental stage. The temperature and relative 

humidity of the growth environment were maintained at 22 °C and at 50–60 % 

respectively. For a complete growth cycle under the laser light regime, stratified 

Arabidopsis Col-0 seeds were germinated and grown in our chamber prototype 
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for a 16/8-hour photoperiod light cycle under an average total photon flux density 

of 90–100 μmol m-2 s-1, consisting of a ratio of 9:1 of red (671 nm) : blue (473 

nm) single-wavelength laser light. Plants that were germinated and grown under 

cool-white fluorescent light at the similar light intensity were used as controls. 

Arabidopsis plants that were used for the measurement of fresh and dry weights, 

biochemical content, gene expression and comparative proteomics studies were 

treated under a continuous regime of laser light for a period of seven days in the 

chamber prototype under an average radiant flux of 90–100 μmol m-2 s-1. These 

plants were initially germinated and grown under 16/8-hour photoperiod of cool-

white fluorescent light at similar light intensity for three to four weeks prior to the 

laser light regime.  

 

3.2.2  Physical measurements 

 

3.2.2.1 Soil-based phenotypic analysis 

 

Visual observation or inspection was performed every two days beginning from 

seed germination and continuously throughout the plant growth and development 

specifically noting the leaf morphology, leaf number and area and bolting and 

flowering times.  
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3.2.2.2 Phenotypic analysis of plants grown on agar 

 

Col-0 seeds were surface-sterilized, stratified and sown on the MS agar medium 

as described previously (see Section 2.2.4.2). Plants were germinated and grown 

under (i) cool-white fluorescent and (ii) red and blue (RB) laser light regime (9:1 

ratio of red (671 nm) and blue (473 nm) lasers) at an average photon flux density 

of 90–100 μmol m-2 s-1 for 16 hour light cycle at 22 °C with a relative humidity of 

50–60 %. Daily visual observation or inspection was performed to assess 

seedling emergence and root development beginning at the time of sowing until 

the seedlings were harvested on day 14 to be transferred to the soil-based 

growth (see Section 3.2.1). The root length was measured daily using a ruler. 

The plates were routinely adjusted to a new position in the growth chamber every 

two days to control for position-dependent variation in the plate-based assay 

(Boyes et al., 2001). 

 

3.2.2.3 Shoot fresh and dry mass 

 

Shoots of Arabidopsis thaliana (ecotype Col-0) were harvested and the fresh 

weight was determined after seven days of laser light illumination. The plant 

material was then dried at 65 °C until a constant dry weight is obtained. 
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3.2.2.4 Leaf diameter and surface area 

 

Images of Arabidopsis Col-0 plantlets fully-grown in the laser chamber prototype 

were photographed daily and the leaf diameter and surface area were measured 

using ImageJ software (Schneider et al., 2012). 

 

3.2.2.5 Water loss measurement 

 

Rosette leaves of 21-days old plants were detached at 0, 1, 2, 4, 8, 16, 32, and 

168 hours of laser light treatment (see Section 3.2.1 for growth condition) and 

allowed to leave on the bench, after which the fresh weight of the leaves was 

measured at every ten minute interval up to a final duration of 120 minutes. The 

decrease in the weight was regarded as the water loss by transpiration. Relative 

water loss (%) was calculated from the weight difference between initial time (0 

hour) and each measured time point, followed by division of initial fresh weight 

(weight measured at 0 hour).  
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3.2.3 Biochemical measurement 

 

3.2.3.1 Total chlorophyll and carotenoid contents 

 

Rosette leaves of a similar size were harvested from different plants exposed to 

white light or continuous laser light for seven days and the total chlorophyll and 

carotenoid contents were determined as described previously (see Section 

2.2.5.1). 

 

3.2.4 Gene expression study 

 

3.2.4.1 RNA extraction and cDNA synthesis 

 

RNA from rosette leaves of 21-days old Col-0 were harvested and extracted at 0, 

2, 4, 8, 16, 32 and 168 hours of illumination under the laser light using the 

RNeasy Mini kit (Qiagen, Germantown, MD) according to the manufacturer’s 

instructions. The total RNA extracted was quantified and the quality assessed 

using NanoDrop 2000 UV-Vis spectrophotometer (Thermo Fisher Scientific, 

Marietta, OH). The cDNA was synthesized from 2.5 μg of the extracted RNA 

using Superscript First-Strand Synthesis and Oligo (dT) for RT-PCR (Life 

Technologies, Carlsbad, CA) followed by semi-quantitative RT-PCR with gene 

specific primers (Table 3.1). 
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Table 3.1 Primers and PCR conditions. 

Primer Name Sequence (5’ – 3’) Tm (°C) No. of cycle 

psbA qPCR forward TGCCATTATTCCTACTTCTGCA 60 30 

psbA qPCR reverse AGCACTAAAAAGGGAGCCG 60 30 

psaA qPCR forward GCAGGGCTACTAGGACTTGG 60 30 

psaA qPCR reverse GGCCTGTAAATGGACCTTTATG 60 30 

petA qPCR forward CAGCAGAATTATGAAAATCCACG 60 30 

petA qPCR reverse TATTAGTAGCAGGGTCTGGAGCA 60 30 

ATFD2 qPCR forward ACTTCATTCATCCGTCGTTCC 60 30 

ATFD2 qPCR reverse AAGAACCAGCACGGCAAG 60 30 

LHCB1.1 qPCR 
forward CCGTGTGACAATGAGGAAGA 60 30 

LHCB1.1 qPCR 
reverse CAAACTGCCTCTCCAAACTTG 60 30 

ATBCA3 qPCR forward CGAGTTCATAGAAAACTGGATCC 56 35 

ATBCA3 qPCR reverse AGGCAGGGGTAGTCTTGAAGT 56 35 

APX1 qPCR forward GGACGATGCCACAAGGATA 58 35 

APX1 qPCR reverse GTATTTCTCGACCAAAGGACG 58 35 

GST qPCR forward TCTATAAAACACCATACCTTCCTTCA 58 35 

GST qPCR reverse CGAAAAGCGTCAAATCACC 58 35 

PP2AAC qPCR 
forward  GCGGTTGTGGAGAACATGATACG * * 

PP2AAC qPCR 
reverse GAACCAAACACAATTCGTTGCTG * * 

* The annealing temperature and PCR cycles of PP2AAC ‘housekeeping’ gene is dependent on 
the PCR condition of the genes being studied.  
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3.2.4.2 Determination of photosynthetic and light stress-related gene 

expression by semi-quantitative RT-PCR 

 

The expression of photosynthetic and stress-related genes in the laser-grown 

Col-0 plants was assessed by semi-quantitative RT-PCR using the KAPA Taq 

PCR kit (KAPA Biosystems, Wilmington, MA) on Veriti® 96-Well Thermal Cycler 

(Applied BiosystemsTM, Thermo Fisher Scientific, Carlsbad, CA), gene specific 

primers (Table 3.1) and PCR cycles according to the manufacturer’s instruction. 

The photosynthesis-related genes studied were photosystem II reaction center 

protein A, psbA (ATCG00020.1), photosystem I P700 chlorophyll A apoprotein 

A1, psaA (ATCG00350.1), photosynthetic electron transfer A, petA 

(ATCG00540.1), ferredoxin 2, ATFD2 (AT1G60950.1), chlorophyll A/B binding 

protein 1.1, LHCB1.1 (AT1G29920.1) and beta carbonic anhydrase 3, ATBCA3 

(AT1G23730.1). In this study, two general plant stress genes that are indicative 

of light stress, L-ascorbate peroxidase 1, APX1 (AT1G07890.3) and glutathione 

S-transferase phi8, GST6 (AT2G47730.1) were selected as molecular markers 

for stress diagnosis. The ImageLab software (Bio-Rad Laboratories, Hercules, 

CA) was used to quantify the expression of the genes by normalizing against that 

of protein phosphatase 2A subunit A3, PP2AA3 (AT1G13320) ‘housekeeping’ 

gene.  
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3.2.5 Comparative proteome analysis 

 

3.2.5.1 Total protein extraction 

 

Leaves were harvested and weighed (approximately of 0.5–1.0 g) prior to total 

soluble protein extraction with 10 % (w/v) tricarboxylic acid (TCA) in acetone. The 

leaves were re-suspended in TCA solution and lysed by mechanical grinding of 

two times on ice and incubated at -20 °C overnight. The remaining TCA 

extraction solution was removed by centrifugation at 3901 x g at 4 °C for 20 min. 

The pellet containing the extracted proteins was washed three to four times with 

80 % (v/v) acetone sequentially by centrifugation at 3901 x g at 4 °C for 20 min to 

remove remaining TCA solution, unbroken cells and debris. The pellet was then 

air dried at room temperature (RT) for 15 min prior dissolving in urea lysis buffer 

(7 M urea, 2 M thiourea, pH 8.0) in 1:3 ratio at RT with shaking for 2-4 hrs. The 

protein amount was estimated by Bradford method	(Bradford, 1976). 

 

3.2.5.2 Protein digestion and iTRAQ labeling 

 

Approximately 100 μg of proteins from both the laser- and white-fluorescent 

(control) grown Arabidopsis plantlets were reduced with 5 mM DL-dithiothreitol 

(DTT) for 2 hrs at 37 °C, and alkylated with 14 mM iodoacetamide (IAA/IOA) for 

30 min at RT in the dark. The alkylation reaction was subsequently terminated by 
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adding to a final concentration of 10 mM of DTT to quench the unreacted 

IAA/IOA at RT in the dark for 15 min. The samples were then diluted sevenfold 

with 50 mM triethylammonium bicarbonate (TEAB) prior to digestion with trypsin 

(Promega, Madison, WI) overnight at 37 °C in a 1:25 trypsin-to-protein mass-

ratio. The protein digests were desalted using Sep-Pak C18 cartridges (Waters, 

Milford, MA) and dried in a SpeedVac (Thermo Electron, Waltham, MA). The 

digested protein samples were labeled with iTRAQ reagents according to the 

manufacturer’s protocol (Applied Biosystems, Framingham, MA). The desalted 

digests were reconstituted in 30 μL of 1M iTRAQ dissolution buffer and mixed 

with 70 μL of ethanol-suspended iTRAQ reagents (one iTRAQ reporter tag per 

protein sample). The samples were labeled with the respective tags as following: 

two control represented by two biological replicates for white fluorescent-grown 

plants were labelled with reporter tags 114 and 116 respectively; and the two 

laser-grown plants samples with reporter tags 115 and 117. Labeling reactions 

were carried out at RT for 60 min prior pooling into a single tube and dried in a 

SpeedVac. 

 

3.2.5.3 Strong cation exchange fractionation of peptide mixture 

 

The dried iTRAQ labeled samples were reconstituted with 90 μL buffer A (10 mM 

KH2PO4, pH 3.0, ACN/H2O 25/75% (v/v)) and loaded into a PolySULFOETHYL A 

column (200 mm length x 4.6 mm id, 200-Å pore size, 5 μm particle size) 
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(PoluLC, Columbia, MD, USA) on a prominence HPLC unit (Shimadzu, Kyoto, 

Japan). The sample was fractionated at a constant flow rate of 1 mL/min for a 

total of 60 min using a gradient of 100% buffer A for 5 min, 5-30% buffer B (10 

mM KH2PO4, pH 3.0, 500 mM KCl, ACN/H2O 25/75% (v/v)) for 40 minutes, 30-

100% buffer B for 5 minute and finally 100% buffer B for 5 minutes. The eluted 

fractions were measured through a UV detector at 214 nm wavelength. Fractions 

were collected at one minute intervals and consecutive fractions with low peak 

intensity were combined with a final total of 20 fractions obtained. The fractions 

were then dried in a SpeedVac after which, each fraction was reconstituted in 

0.1% TFA and desalted using a Sep-Pak C18 cartridge. Desalted samples were 

dried and stored at -20°C prior mass spectrometric analysis (Zhang et al., 2010, 

Marondedze et al., 2016). 

 

3.2.5.4 Mass spectrometric analysis using liquid chromatography-tandem 

mass spectrometry (LC-MS/MS) 

 

Each dried fraction was reconstituted in 100 μL of 0.1% formic acid, injected 

using an auto-sampler (Shimadzu) and concentrated in a Zorbax peptide trap 

(Agilent, Palo Alto, CA, USA). The peptide separation was performed in a home-

packed nanobored C18 column with a picofrit nanospray tip (75 μm id x 15 cm, 5 

μm particles) (New Objectives, Wubrun, MA, USA). Mobile phase A (0.1% formic 

acid in H2O) and mobile phase B (0.1% formic acid in ACN) were used to 
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establish a 90 minutes gradient consisting of 5 minutes of 0-5% B, followed by 55 

minutes of 5-25% B, 12 minutes of 25-60% B, maintained at 80% B for 8 minutes 

and lastly re-equilibrated at 5% B for 10 minutes. The HPLC (ProminenceTM, 

Shimadzu) was operated at a constant flow rate of 30 μL/min and a splitter was 

used to create an approximate 300 nL/min flow rate at the electrospray tip. The 

mass spectrometer (QSTAR elite, Applied Biosystems) was set to perform data 

acquisition in the positive ion mode, with a selected mass range of 300-2000 m/z. 

Peptides with +2 to +4 charge states were selected for MS/MS and the time of 

summation of MS/MS events was set to 2s. The three most abundantly charged 

peptides above a 5-count threshold were selected for MS/MS and dynamically 

excluded for 30s with ± 30 mmu mass tolerance. Protein identification and 

quantification were performed using ProteinPilot v2.0.1 (Applied Biosystems) and 

a minimum unused score of 2 (equivalent to 99% confidence) was required for all 

reported proteins. For quantitative analysis, a protein must have minimum two 

unique peptide matches with iTRAQ ratios, and at least one of them with an 

expectation less than 0.05 (Zhang et al., 2010, Marondedze et al., 2016). 

 

3.2.5.5 Data analysis 

 

All acquired spectra were submitted to MASCOT search engine (Matrix Science, 

London, UK) for protein identification as described previously (Thomas et al., 

2013) as well as including iTRAQ peptide labeling as a fixed modification. 
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Identified proteins were further validated and quantitated using Scaffold Q+ 

software, version 4.0.4 (Proteome Software, Portland, OR). For protein 

identification, a minimum of two unique peptides, a MOWSE score ≥32, peptide 

probability ≥ 90% and protein threshold ≥ 95% were considered. Proteins were 

compared between each iTRAQ data set and considered for comparative 

analysis if a protein was identified in the two data sets. Changes in protein 

abundance were calculated as fold change from average value obtained from all 

replicates of each sample. A change in abundance was then determined in 

comparison with the corresponding controls (white-fluorescent -114 and -116 

iTRAQ tags). To increase confidence level for functional analysis, only proteins 

that have P ≤ 0.05 (Student’s T-test) and a fold change of Ι1.5Ι in all three 

technical replicates and are consistent across the two biological replicates were 

considered as significant and subjected to gene ontology (GO) analysis. 

 

3.2.6 Statistical analysis 

 

Statistical analysis was performed using Student’s t-test with Microsoft Excel 

2010. Significance was set to a threshold of P < 0.05 and n values represent the 

number of biological replicates. 
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3.3 Results and discussion 

 

3.3.1 Physical characterization of plants grown under laser light 

 

3.3.1.1 Soil-based phenotypic analysis 

 

Plants grown under this specific laser light regime show phenotypic traits that 

differ only slightly from those grown under white fluorescent light (control) under 

similar growth conditions (Figure 3.1) and are in fact much like those reported for 

plants grown under similar monochromatic light with a broader spectra provided 

by the LEDs (Figure 2.5)	(Janda et al., 2015, Piovene et al., 2015). Light quality 

in comparison to light intensity and photoperiod has more profound effects on 

plant morphology and physiology (Wang et al., 2016). In laser-grown plants, the 

bolting and flowering times are slightly delayed (Figure 3.2a) and this is 

consistent with a previous study on the growth and development of Arabidopsis 

thaliana that show delayed flowering time under red LEDs alone as compared to 

white fluorescent light or red LED background supplemented with blue light 

(Goins et al., 1998). The delay in flowering time is most likely a consequence of 

the absence of far-red light that promotes flowering	 (Ishiguri and Oda, 1972, 

Runkle and Heins, 2001). The absence of photosynthetically inefficient far-red as 

well as green light is likely to exhibit some effects on the growth and development 

since both these wavelengths can oppose the growth-promoting properties of red 
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and blue light during vegetative development, photoperiodic flowering, stomatal 

opening and stem growth modulation (Folta and Maruhnich, 2007, Wang and 

Wang, 2015).  

 

The emergence of new leaves in laser-grown plants is also delayed (Figure 

3.2b). The average leaf length and area of the first two leaf pairs are higher than 

the control plants and equal or lower in the subsequent leaf pairs (Figure 3.2c 

and 3.2d). Previous studies have shown that a lack of blue light facilitates the 

increase in leaf area which promotes light interception and plant productivity as 

well as their growth and development (Dougher and Bugbee, 2001, Hogewoning 

et al., 2010a, Hernandez and Kubota, 2016). This is consistent with the previous 

observations that blue light can inhibit cell expansion or division (Appelgren, 

1991, Folta et al., 2003, Dougher and Bugbee, 2004). The laser-grown plants 

also have a reduced dry weight while their fresh weight does not differ 

significantly from that of white light grown plants (Figure 3.3). The decrease in 

biomass accumulation in laser-grown plants is consistent with the lower dry 

weight of radish and spinach grown under red LEDs (660 nm) background 

supplemented with 10% of blue fluorescent lamp (400 – 500 nm) when compared 

to cool-white fluorescent light (Yorio et al., 2001). In addition, previous finding 

also reported a decrease in shoot dry and fresh weight of cucumber seedlings 

with the increase of blue light intensity when grown under a combination of red 

(661 nm) and blue (455 nm) LEDs light (Hernandez et al., 2016). Although it was 
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previously demonstrated that an increase in blue light intensity could promote the 

rate of photosynthesis, however, a reduced growth rate was observed 

(Hogewoning et al., 2010b, Hernandez and Kubota, 2016, Wang et al., 2016). 

This may indicate that there is no positive correlation between the photosynthetic 

rate and plant productivity (i.e. biomass production) and the morphological and 

physiological responses to light spectra are species-dependent (Wang et al., 

2016). For instance, it was previously demonstrated that supplementation of blue 

light to red light regime can supress extension and elongation of hypocotyl and 

cotyledon (Hoenecke et al., 1992) and increases the dry weight, leaf area and 

number in different plants (Yorio et al., 2001, Hogewoning et al., 2010b, Johkan 

et al., 2010, Wojciechowska et al., 2015). Blue LEDs at high light intensities also 

stimulates growth elongation and biomass production of lettuce (Lactuca sativa 

L.) (Muneer et al., 2014). However, this is in contrast to the previous observation 

that an increase in dry weight and leaf area in lettuce (Son and Oh, 2013), 

impatiens, petunia, salvia and tomato seedlings (Wollaeger and Runkle, 2014) 

occurs under a red light enriched light regime.  

 

Here, we observed reduced transpirational water loss of plants treated under the 

laser light regime at 2, 4, 8, 16 and 32 hours as compared to the control plants by 

measuring the rate of water loss in detached rosette leaves (Figure 3.4). This is 

in contrast to previous finding that shows the increase in rate of transpiration in 

Arabidopsis whole plants illuminated under only red light (45 μmol m-2 s-1) 
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(Kinoshita et al., 2001). The transpiration rate was enhanced by two-fold in 

response to combination of low fluence rate of blue light (10 μmol m-2 s-1) to the 

red light background, which was not observed when a low fluence rate of red light 

at similar light intensity was applied to the red light background instead	(Kinoshita 

et al., 2001). However, the transpiration decreased gradually upon removal of 

blue light due to the sustained effect of blue light on stomatal opening (Assmann 

et al., 1985, Iino et al., 1985, Shimazaki et al., 1986). On the other hand, red light 

induces stomatal opening at high light intensity through the reduction of 

intercellular carbon dioxide concentration by mesophyll photosynthesis and guard 

cell photophosphorylation (Tominaga et al., 2001, Roelfsema et al., 2002, 

Roelfsema and Hedrich, 2005,	Vavasseur and Raghavendra, 2005). Although the 

red light-dependent stomatal opening might be mediated by photosynthesis, it 

has been reported that the red light response of stomatal conductance is 

independent of the concurrent photosynthetic rate	(Baroli et al., 2008). Red light-

stimulated stomatal opening has been frequently linked to photosynthesis 

because the stomatal response saturates at similar irradiance to photosynthesis 

and can be abolished by PSII inhibitors (Kinoshita et al., 2001, Baroli et al., 

2008). Since our laser light regime contains a higher proportion of red light (9:1 

ratio of red to blue laser light), we therefore speculate that the opposite effect 

observed in our laser-grown plants was due to more effective regulation of 

stomatal movement in response to single-wavelength red and blue laser light that 

leads to improved plant water use efficiency as well as photosynthesis. Abscisic 



 140 

acid (ABA) was previously shown to inhibit the blue-light induced phosphorylation 

and H+ pumping of plasma membrane H+-ATPase that cause stomatal opening in 

Arabidopsis thaliana guard cells through the early ABA-signalling components. 

These components include the ABA START receptors family (PYR/PYL/RCARs), 

PP2C phosphatases and SnRK2 kinases (Zhang et al., 2004, Hayashi, 2011). 

Both ABA and hydraulic signals have been postulated as the main regulators of 

stomatal closure to maintain plant water homeostasis (Tombesi et al., 2015). This 

may suggest the involvement of both the ABA and hydraulic signals in mediating 

stomatal closure to reduce the transpiration rate in response to the red and blue 

laser lights.  

 

Plants do not require the wavebands of the entire light spectrum for their growth 

and development, in fact, they have evolved optimized light capture mechanism 

to grow under a given specific set of light conditions (Dougher and Bugbee, 2001, 

Morrow, 2008, Muneer et al., 2014). Overall, we observed a delay in the 

flowering time and leaf development (Figure 3.2) in plants grown under the red 

and blue laser light regime as compared to white fluorescent light. This may imply 

that plants at different growth stages require specific spectrum composition that 

stimulates the morphological and physiological responses needed at that 

particular growth phase. Given these considerations, further experimentation with 

additional wavelengths supplemented at specific times of the day and/or 

developmental phase will have to be tested in the future before the high power 
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and energy-efficient attributes of lasers can be fully harnessed for horticultural 

applications. 

 

 

 

 

 

 

 

 

 

Figure 3.1 Plants grow healthily under diffused single-wavelength red and blue laser 
light. Phenotypic observation of (i) 30-days old and (ii) 39-days old Arabidopsis 
thaliana grown under white fluorescent (W) and single-wavelength red and blue 
(RB) laser light respectively. A consistent distinct phenotype, i.e.: leaf colour and 
morphology, is observed at different developmental stages of the laser-grown 
plants, distinguishable from those grown under white fluorescent lights.  
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Figure 3.2 Phenotypic characterization of plants grown under laser light. (a) Bolting 
and flowering time of plants grown under laser. (b) Leaf development (leaf count) 
of plants that are fully-grown under the laser light regime. (c) Diameter and (d) 
surface area of rosette leaf pair of plants fully-grown under (RB) laser light. All 
data collected were obtained from plants that were grown from the first day of 
sowing to the completion of growth cycle under (RB) laser light only (9:1 ratio of 
red (671 nm) and blue (473 nm) lasers) at an average photon flux density of 90–
100 μmol m-2 s-1 for 16/8-hour photoperiod at 22 °C with a relative humidity of 
50–60 %. Both the leaf diameter and surface area were analyzed and measured 
using ImageJ software	 (Schneider et al., 2012). Error bars represent standard 
error of the mean calculated from n = 3 (a), where n represents the number of 
independent biological replicates, and n > 10 for (b, c and d), where n represents 
the number of leaves from seven independent plant replicates.   
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Figure 3.3 Measurement of fresh and dry weights of Arabidopsis plants exposed to a 
continuous (RB) laser light for seven days. Arabidopsis plants were 
germinated and grown under cool-white fluorescent light at an average photon 
flux density of 90–100 μmol m-2 s-1 for 16/8-hour photoperiod at 22 °C with a 
relative humidity of 50–60 % for three to four weeks prior to exposure to a 
continuous (RB) laser regime for seven days. Error bars represent standard error 
of the mean calculated from n = 7, where n represents the number of 
independent biological replicates. One asterisk (*) signifies P < 0.05 and two 
asterisks (**) signify P < 0.005. 
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Figure 3.4 Transpirational water loss of detached leaves from laser-grown plants. 21-

days old Arabidopsis plantlets grown under 90–100 μmol m-2 s-1 of cool-white 
fluorescent (W) light for 16/8-hour photoperiod at 22 °C with a relative humidity of 
50–60 % were illuminated with a continuous regime of red and blue (RB) laser 
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light for seven days. Rosette leaves from three different biological replicates were 
detached at 0, 1, 2, 4, 8, 16, 32, and 168 hours for water loss measurement. 
Error bars represent standard error of the mean calculated from three 
independent biological replicates. 

 

3.3.1.2 Phenotypic analysis of agar-grown plants 

 

Here, we characterize the early seedling growth of Arabidopsis Col-0 on vertical 

MS agar plates for a period of two weeks to evaluate and to characterize the 

growth and development of the model plant under single-wavelength red and 

blue laser light. Plate-based phenotypic analysis allows us to assay the seedling 

emergence and to detect early phenotypes in response to laser light regime that 

cannot be detected or observed in soil-based growth	 (Boyes et al., 2001). We 

observed a success rate of (98.3 % ± 0.962) of seed germination under the laser 

light regime (data not shown) in comparison to cool-white fluorescent light (95.8 

% ± 1.596) The light-dependent germination of Arabidopsis seed is regulated by 

phytochromes in response to low intensities of red or far-red light (VLFR) or 

continuous far-red light (far-red HIR) (Casal and Sanchez, 1998). Upon seed 

germination, the seedlings that were stimulated by the laser light undergo de-

etiolation (photomorphogenesis) and formed short hypocotyls and open 

expanded cotyledons that are capable of photosynthesis (Figure 3.5a(ii)). 

Photomorphogenesis is regulated by a complex interplay between phytochromes 

and cryptochromes (Sullivan and Deng, 2003). Phytochrome A (PHYA) regulates 

the photomorphogenic development under low light intensity while phytochrome 
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B (PHYB) and cryptochromes function more dominantly in response to red and 

blue light respectively (Quail, 2002). 

 

We also investigated the root development of Col-0 seedlings grown under the 

laser light regime and noticed that the root length of these seedlings at day 14 is 

higher than the control seedlings grown under cool-white fluorescent light (Figure 

3.5b). However, the root length of laser-treated seedlings is comparable to that of 

those grown under red and blue LEDs at similar light conditions (Figure 3.5b). It 

was shown that combination of red (660 nm) and blue LEDs (450 nm) at 1:1 ratio 

promote in vitro bulblet regeneration and root growth in Lilium oriental hybrid 

‘Pesaro’ explants (Lian et al., 2002). Furthermore, red LEDs (630 nm) alone can 

stimulate root formation in Protea cynaroides L. plantlets by suppressing the 

synthesis of 3,4-dihydroxybenzoic acid and ferulic acid phenolic metabolites (Wu 

and Lin, 2012). A previous gene profiling study of the red light signaling pathways 

in roots revealed that genes involved in development and formation of root 

plastid, lateral root and root hair were up-regulated in response to red light 

treatment	(Molas et al., 2006). Also, RPT2/NPH3 (ROOT PHOTOTROPIC 2/NON 

PHOTOTROPIC HYPOCOTYL 3) genes that function in the regulation of blue-

light induced phototropism were differentially regulated in roots of Arabidopsis 

seedlings treated for 1 hour with red light (Molas et al., 2006). High expression of 

phototropin 1 (phot1) that acts a blue-light-sensitive receptor in roots of 

Arabidopsis thaliana seedlings promotes root growth efficiency and this may 
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contribute to increased drought tolerance in the plants	(Galen et al., 2007). Phot1 

regulates the root phototropism by facilitating the growth and movement of roots 

toward the underground water supply to enhance water uptake in the event of 

drought stress. Arabidopsis phot1 mutants displayed apparent random root 

growth phenotype and suppressed drought tolerance in comparison to the wild 

type Col-0 ecotype (Galen et al., 2007). The size of phot1 mutant plants is 

significantly smaller than the wild type under drought stress, which suggests that 

the plant size is highly correlated with root growth efficiency (Galen et al., 2007). 

These findings lend support to the notion that both the red and blue light signal 

transduction pathways interact in light mediated plasticity in root growth and 

development of Arabidopsis seedlings	 (Molas et al., 2006, Galen et al., 2007), 

which is consistent with the higher root length observed in the laser-grown 

seedlings. In roots, both PHYA and PHYB are involved in mediating light-induced 

gravitropism, positive red-light induced phototropism, chloroplast development, 

secondary metabolite production and root hair development (Feldman and 

Briggs, 1987, Johnson et al., 1994, Kiss et al., 2003, Hemm et al., 2004). It was 

also noted that COL3 (CONSTANT LIKE 3), a COP1 (CONSTITUTIVE 

PHOTOMORPHOGENESIS 1)-interacting protein that acts downstream of 

phytochromes and COP1 in the red light signaling pathway functions as a 

positive regulator of photomorphogenesis and promotes lateral root development 

in response to red light (Datta et al., 2006).  
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Our plants grown under laser appeared to be healthy (Figure 3.1) and were able 

to complete a full seed-bearing generation (Figure 3.6) solely under single 

waveband red and blue lasers that correspond to the absorption peaks of light-

harvesting antennal pigments (Kim et al., 2004,	 Folta and Maruhnich, 2007, 

Vanninen et al., 2010). This suggest that our laser light regime which consists of 

two single-wavelength laser beams that are diffused and adjusted to a ratio of 9:1 

of red (671 nm):blue (473 nm) at an average photon flux density of 90 – 100 

μmol m-2 s-1 is feasible for the growth and development of Arabidopsis thaliana. 

This is consistent with a previous study (Goins et al., 1998) demonstrating that 

Arabidopsis plants grown under red LEDs alone were able to complete a full 

growth cycle from seed-to-seed, however, with abnormalities observed in the leaf 

morphology when compared to white fluorescent light. Also, it was previously 

reported that the rice plants (Oryza sativa L. cv. Kitaibuki) grown under a 

combination of red laser diode (680 nm) supplemented with 5 % of blue 

fluorescent light were able to complete their growth cycle from seed-to-seed at 

shorter time but with lower tiller spikes and seed production as compared to high-

pressure sodium lamp-grown plants (Yamazaki et al., 2002). 
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Figure 3.5 Seedling emergence and root development of plants grown under red and 
blue laser or LEDs. (a) 14-days old Arabidopsis plants that were germinated 
and grown on half-strength MS agar medium (without sucrose, pH 5.7) under (i) 
cool-white fluorescent, (ii) red and blue (RB) laser light regime (9:1 ratio of red 
(671 nm) and blue (473 nm) lasers) and (iii) red and blue (RB) LED light regime 
(9:1 ratio of red (670 nm peak) and blue (470 nm peak)) at an average photon 
flux density of 80–90 μmol m-2 s-1 for 16/8-hour photoperiod at 22 °C with a 
relative humidity of 50–60 %. (b) Root development of 14-days old Arabidopsis 
plants under different light regime.  Root length was measured using a 15 cm 
ruler. Error bars represent standard error of the mean calculated from three 
independent experiments (n = 30) where n represents independent biological 
replicates for each experiment. 
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Figure 3.6 Growth and development of laser-treated offspring. (a) 7-days old and (b) 
14-days old laser-treated Arabidopsis offspring that were germinated and grown 
on half-strength MS agar medium (with sucrose, pH 5.7) under the red and blue 
(RB) laser light regime (9:1 ratio of red (671 nm) and blue (473 nm) lasers) at an 
average photon flux density of 90–100 μmol m-2 s-1 for 16/8-hour photoperiod at 
22 °C with a relative humidity of 50–60 %. (c) 21-days old and (d) 35-days old of 
laser-treated offspring transferred from (b) to soil-based growth, in which these 
plants were further subjected to growth under cool-white fluorescent (W) light at 
similar light intensity and growth condition upon transfer from the (RB) laser light 
regime.  



 151 

3.3.2 Biochemical characterization of plants grown under laser light 

 

Leaves of the laser-grown plants have lower total chlorophyll content but not 

carotenoid content (Figure 3.7) and this is reflected by a lighter shade of green 

observed (Figure 3.1). The total chlorophyll levels of 27, 28 and 30 days-old 

laser-grown plants are 4.21, 3.06 and 4.78 μg mL-1 mg-1 respectively, while the 

control plants that were harvested at similar time points contained 4.898, 4.469 

and 5.542 μg mL-1 mg-1 chlorophyll content (Figure 3.7). The lower chlorophyll 

content observed in Arabidopsis plantlets grown under a 9:1 ratio of red and blue 

laser light is consistent with a previous finding that shows reduced chlorophyll 

levels and shoot dry weight in spinach (Spinacea oleracea L. cv. Nordic IV) 

grown under a 9:1 ratio of red LED (660 nm) supplemented with blue fluorescent 

lamp at total PPFD of 282 μmol m-2 s-1 as compared to plants grown under cool-

white fluorescent light (Yorio et al., 2001). Furthermore, the proportion of blue 

light added to the light regime can affect the chlorophyll content	(Johkan et al., 

2010, Wang et al., 2016). Blue light promotes the synthesis of chlorophyll more 

effectively than the red light (Bukhov et al., 1992) and may help to facilitate both 

the light absorption and photosynthesis processes (Johkan et al., 2010). It has 

been shown that the chlorophyll content increases with decreasing red:blue light 

ratio	 (Hernandez and Kubota, 2016, Wang et al., 2016). However, the 

accumulation of shoot dry and fresh weight decreases with increase in blue light. 

Both red and blue lights can promote photosynthetic efficiency and plant 
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productivity by stimulating morphological and physiological responses 

(Hogewoning et al., 2010b, Li et al., 2013, Hernandez and Kubota, 2016, Wang 

et al., 2016). This implies that the combination of red and blue wavebands at an 

optimal ratio as compared to monochromatic light alone is species and growth-

stage specific.  

 

Carotenoid level of the laser-grown plants is comparable to the white-light regime 

(Figure 3.7), which suggests that the blue waveband provided by the blue laser at 

473 nm is sufficient to support photosynthesis through absorption by carotenoids 

in parallel to the red light background. In addition to light absorption at shorter 

wavelengths, carotenoids act as photo-protectant in dissipating excess energy of 

excited chlorophyll and reactive oxygen species in response to high light 

conditions (Schagerl and Muller, 2006). Previous study has shown that the 

production of carotenoids in red leaf lettuce seedlings is enhanced under the blue 

LED light treatment (Johkan et al., 2010). 
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Figure 3.7 Total chlorophyll and carotenoid quantification of Arabidopsis plants 
grown under laser light. Arabidopsis plants were germinated and grown under 
cool-white fluorescent light at an average photon flux density of 90–100 μmol m-2 
s-1 for 16/8-hour photoperiod at 22 °C with a relative humidity of 50–60 % for 
three to four weeks prior to exposure to a continuous (RB) laser regime for seven 
days. Error bars represent standard error of the mean calculated from n = 7, 
where n represents the number of independent biological replicates. One asterisk 
(*) signifies P < 0.05 and two asterisks (**) signify P < 0.005. 

 

3.3.3 Transcriptional responses of photosynthetic and light stress marker 

genes 

 

We examined a number of molecular parameters in plants grown under single-

wavelength laser light including the expression levels of six photosynthetic 

marker genes, each representing a main component of the photosynthetic 

pathway (Figure 3.8a, 3.8b). With the exception of beta carbonic anhydrase 3 

(ATBCA3) and photosynthetic electron transfer A (PetA), the laser-grown plants 

have a consistently lower expression of photosynthetic genes across all time 

points as compared to the control plants grown under cool-white fluorescent light  
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(Figure 3.8b). Since the laser light provides wavelengths that closely match the 

main absorption peaks of the photosynthetic pigments, a more efficient 

productivity can be achieved since thermal dissipation of light absorbed in the 

photosynthetically inefficient wavebands is avoided	 (Morrow, 2008). This could 

account for the lower expression of the photosynthetic marker genes including 

the light harvesting chlorophyll A/B-binding protein 1.1 (LHCB1) (Figure 3.8b) as 

well as the reduced chlorophyll content in laser-grown plants. Expression of 

chloroplast photosystem II reaction center protein A (psbA) gene is generally 

associated with photo-inhibition and the photo-damaged of photosystem II (PSII)	

(Winkel-Shirley, 2002, Takahashi and Badger, 2011, Wientjes and Croce, 2011) 

especially when the light absorption exceeds consumption (Takahashi and 

Badger, 2011, Wientjes and Croce, 2011). Notably, the laser-grown plants have 

lower expression of psbA (Figure 3.8b), which suggests reduced photo-inhibition 

under this light regime.  

 

The expression of two light stress marker genes, ascorbate peroxidase 1 (APX1) 

and glutathione s-transferase (GST6) (Takahashi and Badger, 2011) was lower 

in the plants grown under laser light regime (Figure 3.8c) implying that the laser 

illumination conditions induce less stress than the white fluorescent light at 

similar PPFD. This is also in agreement with the reduced expression of psbA, a 

gene that is diagnostic for photo-inhibition (Winkel-Shirley, 2002). Importantly, 

anthocyanin accumulation associated with damaging radiations (Winkel-Shirley, 



 155 

2002, Solovchenko and Merzlyak, 2008, Tyystjarvi, 2008) on the leaf and stem of 

the laser-grown plants is reduced and this may suggest that the laser light regime 

is not only suitable for photosynthesis and photo-morphogenesis, but also 

causes less stress than white fluorescent light.  

 

We also noted a high expression of ATBCA3 in the laser-grown plants (Figure 

3.8b). ATBCA3 is involved in carbon utilization during photosynthesis, generating 

carbon dioxide (CO2) from bicarbonate to provide optimal CO2 level at the 

carboxylation site of ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco) 

by facilitating CO2 diffusion across the chloroplast envelope or through the rapid 

dehydration of bicarbonate to CO2 (Price et al., 1994, Tanz et al., 2009). ATBCA3 

also has non-photosynthetic roles such as lipid biosynthesis for seedling survival 

(Hoang and Chapman, 2002) and for the control of guard cell aperture (Ferreira 

et al., 2008, Hu et al., 2010, Aubry et al., 2011). Taken together, the gene 

expression profiles point to a the suitability of the laser light regime for plants to 

operate at a high photosynthetic efficiency, presumably synthesizing sufficient 

NADPH and ATP for CO2 fixation and for cellular processes downstream of 

photosynthesis. In contrast, plants that are grown under high light condition will 

generate excess NAPDH in the stroma, resulting in the accumulation of 

potentially harmful excitation energy in the photosynthetic membrane (Munekage 

et al., 2004, Ruban, 2009). 
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Figure 3.8 Expression of marker genes implicated in photosynthesis and light stress. 
(a) Plant photosynthetic pathway. (b) Six photosynthetic marker genes, 
photosystem II reaction center protein A, psbA (ATCG00020.1), photosystem I 
P700 chlorophyll A apoprotein A1, psaA (ATCG00350.1), photosynthetic electron 
transfer A, petA (ATCG00540.1), ferredoxin 2, ATFD2 (AT1G60950.1), 
chlorophyll A/B binding protein 1.1, LHCB1.1 (AT1G29920.1) and beta carbonic 
anhydrase 3, ATBCA3 (AT1G23730.1), each representing the main components 
of the photosynthetic pathway, are selected for expression study using semi-
quantitative PCR. (c) Expression levels of two genes implicated in light stress, L-
ascorbate peroxidase 1, APX1 (AT1G07890.3) and glutathione S-transferase 
phi8, GST6 (AT2G47730.1). 21-days old Arabidopsis plantlets grown under 90–
100 μmol m-2 s-1 of cool-white fluorescent (W) light for 16/8-hour photoperiod at 
22 °C with a relative humidity of 50–60 % were illuminated with a continuous 
regime of red and blue (RB) laser light for seven days. Rosette leaves from three 
different biological replicates were harvested at 0, 1, 2, 4, 8, 16, 32, and 168 
hours, after which the RNA were isolated and cDNA synthesized for the gene 
expression studies. All data were normalized against the protein phosphatase 2A 
subunit A3, PP2AA3 (AT1G13320) gene. Error bars represent standard error of 
the mean calculated from three independent biological replicates. 

 

3.3.4 The proteome of plants grown under laser light 

 

To further examine the influence of single-wavelength red and blue laser light on 

plant growth at cellular translational level, we have undertaken a comparative 

analysis of the proteomes of laser- and white light-grown plants. This will reveal 

changes at the systems level that might be diagnostic for structural or functional 

changes induced by the different light regimes. Our study revealed that the laser-

grown plants have 115 differentially regulated proteins of which the majority (98) 

are down-regulated (Table 3.2). Among the 17 proteins that are up-regulated, 

there is no significant enrichment of biological processes. However, most of the 

proteins that are increasing in abundance have roles in metabolic processes (six 

proteins) and in response to abiotic stress (five proteins). Of the down-regulated 

proteins, 43 are annotated as localized in the ‘chloroplast and plastid’, 12 are 
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involved in ‘photosynthesis’ and 14 are involved in ‘chlorophyll and tetrapyrrole 

binding’ (Figure 3.9).  

 

There is an over-representation of down-regulated proteins that are associated 

with light radiation. This set of proteins includes seven light-harvesting 

chlorophyll-protein (LHC) complexes of which LHCB1.4 (AT2G34430) and 

LHCB3 (AT5G54270) are among the most down-regulated proteins in laser-

illuminated plants. These proteins are a component of the main light harvesting 

chlorophyll a/b-protein complex of PSII that function as light receptors. They are 

involved in fine-tuning the amount of light energy to be channeled to the reaction 

centers, enabling plants to adapt to a wide-spectrum of light environments to 

drive the processes of photosynthesis	(Ruban, 2009). Similar to previous findings 

(Adamska and Kloppstech, 1991, Levy et al., 1992, Funk et al., 1995), LHC 

family proteins were observed to be light-stress induced and consequently, a 

decrease in the abundance of photosynthetic machinery-associated proteins is 

indicative of reduced photo-oxidative stress or light induced stress under laser-

illuminated plants. This finding is consistent with the expression pattern of the 

examined photosynthetic marker genes, particularly the LHCB1 gene under the 

laser light regime (Figure 3.8b). Importantly, 16 proteins that have a role in the 

‘response to light stress or radiation’ are down-regulated in the laser-illuminated 

plants. Thus, the reduced expression of the corresponding light stress marker 

genes, APX1 and GST6 examined in this study (Figure 3.8c) lends support to the 
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notion that the laser light regime may induce less stress than white fluorescent 

light.  

 

In addition, the proton gradient regulation 7 protein (PGR7, AT3G21200) is also 

down-regulated. Arabidopsis thaliana PGR7 has been shown to be involved in 

both PSII and P700 of photosystem I and is necessary for efficient photosynthetic 

electron transport (Jung et al., 2010). Photosynthetic electron transport has 

functional roles in light-dependent NAPDH and ATP synthesis as well as in 

photoprotection during high light condition by generating a high pH gradient 

across the thylakoid membrane for thermal dissipation of excess light energy. 

Compared to the wild type, the rate of electron transport between PSII and PSI 

was reduced with a significant change in the redox state of the first stable 

electron acceptor of PSII (QA) in Arabidopsis pgr7 mutant without affecting the 

cytochrome f accumulation (Jung et al., 2010). The P700 was more oxidized in 

the pgr7 mutant at light intensities > 150 µmol m-2 s-1 indicating that PGR7 can 

modulate electron transport between QA of PSII and P700 of PSI (Jung et al., 

2010). Furthermore, the chlorophyll content measured in pgr7 mutant is lower	

(Jung et al., 2010),	 suggesting that the down-regulation of this protein could 

explain the lower expression of the photosynthetic marker genes and the reduced 

chlorophyll level in laser-illuminated plants. In summary, the expression patterns 

of the examined molecular marker genes and the absence of elevation of light-
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stress response proteins in the proteomics data (Table 3.2) lend further support 

to the suitability of the current laser light regime for plant growth. 	
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Table 3.2 List of differentially expressed proteins in laser-grown plants. 

 

  

Accession no. Description P-value Fold change
AT3G22600.1 Bifunctional inhibitor/lipid-transfer protein/seed storage 2S albumin 

superfamily protein 
0 3.57

AT3G57260.1 Beta-1,3-glucanase 2 0 2.66
AT1G75040.1 Pathogenesis-related gene 5 0 2.28
AT1G22710.1 Sucrose-proton symporter 2 0.01 1.94
AT1G02930.1 Glutathione S-transferase 6 0 1.88
AT5G19860.1 Protein of unknown function, DUF538 0 1.79
AT1G08450.3 Calreticulin 3 0 1.73
AT1G54500.1 Rubredoxin-like superfamily protein 0.03 1.72
AT2G24090.1 Ribosomal protein L35 0 1.70
AT2G17190.1 Ubiquitin family protein 0 1.69
AT3G12490.2 Cystatin B 0 1.68
AT1G05150.1 Calcium-binding tetratricopeptide family protein 0 1.62
AT2G38140.1 Plastid-specific ribosomal protein 4 0 1.59
AT3G22060.1 Receptor-like protein kinase-related family protein 0 1.56
AT5G64430.1 Octicosapeptide/Phox/Bem1p family protein 0 1.55
AT5G22580.1 Stress responsive A/B Barrel Domain 0 1.53
AT3G12345.1 Unknown protein; LOCATED IN: chloroplast; Has 35333 Blast hits 

to 34131 proteins in 2444 species: Archae - 798; Bacteria - 22429; 
Metazoa - 974; Fungi - 991; Plants - 531; Viruses - 0; Other 
Eukaryotes - 9610 (source: NCBI BLink). 

0 1.50

AT3G14930.1 Uroporphyrinogen decarboxylase 0 -1.51
AT5G17530.1 Phosphoglucosamine mutase family protein 0.04 -1.56
AT1G24020.1 MLP-like protein 423 0 -1.56
AT1G22940.1 Thiamin biosynthesis protein, putative 0.05 -1.60
AT1G09760.1 U2 small nuclear ribonucleoprotein A 0 -1.62
ATCG01060.1 Iron-sulfur cluster binding;electron carriers;4 iron, 4 sulfur cluster 

binding
0 -1.63

AT5G16150.1 Plastidic GLC translocator 0.01 -1.63
AT2G40300.1 Ferritin 4 0 -1.64
AT3G16100.1 RAB GTPase homolog G3C 0.04 -1.65
AT2G38270.1 CAX-interacting protein 2 0.02 -1.66
AT4G37800.1 Xyloglucan endotransglucosylase/hydrolase 7 0.03 -1.66
AT2G19480.1 Nucleosome assembly protein 1;2 0.01 -1.66
AT3G03890.1 FMN binding 0.03 -1.67
AT5G53140.1 Protein phosphatase 2C family protein 0.04 -1.68
AT1G04620.1 Coenzyme F420 hydrogenase family / dehydrogenase, beta subunit 

family 
0.04 -1.68

AT5G23860.1 Tubulin beta 8 0.04 -1.68
AT4G39460.1 S-adenosylmethionine carrier 1 0 -1.68
AT4G16143.1 IMPA-2 | importin alpha isoform 2 | chr4:9134450-9137134 

REVERSE LENGTH=535
0 -1.69

AT5G46750.1 ARF-GAP domain 9 0.01 -1.70
AT1G51660.1 Mitogen-activated protein kinase kinase 4 0.05 -1.70
AT1G11790.1 Arogenate dehydratase 1 0.01 -1.70
AT4G11220.1 VIRB2-interacting protein 2 0.01 -1.71
AT2G01350.1 Quinolinate phoshoribosyltransferase 0.01 -1.71
AT4G10000.1 Thioredoxin family protein 0 -1.72
AT2G17840.1 Senescence/dehydration-associated protein-related 0.05 -1.74
AT4G05180.1 Photosystem II subunit Q-2 0 -1.74
AT3G22330.1 Putative mitochondrial RNA helicase 2 0 -1.74
AT1G61520.1 Photosystem I light harvesting complex gene 3 0 -1.74
AT3G01540.1 DEAD box RNA helicase 1 0 -1.75
AT4G33670.1 NAD(P)-linked oxidoreductase superfamily protein 0.04 -1.75
AT1G76150.1 Enoyl-CoA hydratase 2 0.02 -1.76
AT4G19710.2 Aspartate kinase-homoserine dehydrogenase ii 0 -1.76
AT5G38530.1 Tryptophan synthase beta type 2 0.02 -1.76
AT1G01730.1 Unknown protein; FUNCTIONS IN: molecular_function unknown; 

INVOLVED IN: biological_process unknown; LOCATED IN: 
chloroplast; EXPRESSED IN: 23 plant structures; EXPRESSED 
DURING: 13 growth stages; Has 42 Blast hits to 42 proteins in 17 
species: Archae - 0; Bacteria - 2; Metazoa - 5; Fungi - 1; Plants - 
34; Viruses - 0; Other Eukaryotes - 0 (source: NCBI BLink).

0.04 -1.76
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AT3G15790.1 Methyl-CPG-binding domain 11 0.05 -1.76
AT1G78060.1 Glycosyl hydrolase family protein 0.01 -1.77
AT4G28030.1 Acyl-CoA N-acyltransferases (NAT) superfamily protein 0.03 -1.77
AT1G74090.1 Desulfo-glucosinolate sulfotransferase 18 0.03 -1.77
AT5G24650.1 Mitochondrial import inner membrane translocase subunit 

Tim17/Tim22/Tim23 family protein
0 -1.78

AT1G80360.1 Pyridoxal phosphate (PLP)-dependent transferases superfamily 
protein 

0.02 -1.78

AT1G27310.1 Nuclear transport factor 2A 0.01 -1.79
AT2G40600.1 Appr-1-p processing enzyme family protein 0.04 -1.79
AT3G49430.1 SER/ARG-rich protein 34A 0.02 -1.80
AT2G44040.1 Dihydrodipicolinate reductase, bacterial/plant 0 -1.80
AT2G45990.1 Unknown protein; FUNCTIONS IN: molecular_function unknown; 

INVOLVED IN: biological_process unknown; LOCATED IN: 
chloroplast, chloroplast stroma; EXPRESSED IN: 22 plant 
structures; EXPRESSED DURING: 13 growth stages; Has 312 
Blast hits to 312 proteins in 90 species: Archae - 0; Bacteria - 131; 
Metazoa - 0; Fungi - 0; Plants - 67; Viruses - 0; Other Eukaryotes - 
114 (source: NCBI BLink).

0.02 -1.81

AT1G11750.1 CLP protease proteolytic subunit 6 0.01 -1.81
AT5G23440.1 Ferredoxin/thioredoxin reductase subunit A (variable subunit) 1 0.03 -1.82
AT5G13120.1 Cyclophilin 20-2 0.01 -1.82
AT5G36880.1 Acetyl-CoA synthetase 0 -1.83
AT5G06870.1 Polygalacturonase inhibiting protein 2 0.01 -1.84
AT4G38225.1 Unknown protein; FUNCTIONS IN: molecular_function unknown; 

INVOLVED IN: biological_process unknown; LOCATED IN: 
chloroplast; EXPRESSED IN: 21 plant structures; EXPRESSED 
DURING: 13 growth stages; Has 30201 Blast hits to 17322 proteins 
in 780 species: Archae - 12; Bacteria - 1396; Metazoa - 17338; 
Fungi - 3422; Plants - 5037; Viruses - 0; Other Eukaryotes - 2996 
(source: NCBI BLink). 

0.02 -1.86

AT1G15820.1 Light harvesting complex photosystem II subunit 6 0 -1.86
AT2G34420.1 Photosystem II light harvesting complex gene B1B2 0 -1.86
AT1G11870.1 Seryl-tRNA synthetase 0 -1.87
AT1G13930.1 Involved in response to salt stress.  Knockout mutants are 

hypersensitive to salt stress.
0 -1.87

AT1G79720.1 Eukaryotic aspartyl protease family protein 0.05 -1.88
AT4G16450.1 Unknown protein; FUNCTIONS IN: molecular_function unknown; 

INVOLVED IN: photorespiration; LOCATED IN: mitochondrion, 
mitochondrial membrane, mitochondrial respiratory chain complex I, 
respiratory chain complex I, membrane; EXPRESSED IN: 25 plant 
structures; EXPRESSED DURING: 15 growth stages; Has 30201 
Blast hits to 17322 proteins in 780 species: Archae - 12; Bacteria - 
1396; Metazoa - 17338; Fungi - 3422; Plants - 5037; Viruses - 0; 
Other Eukaryotes - 2996 (source: NCBI BLink). 

0 -1.88

AT3G13860.1 Heat shock protein 60-3A 0.04 -1.88
AT3G08940.2 Light harvesting complex photosystem II 0 -1.89
AT5G05170.1 Cellulose synthase family protein 0 -1.90
AT4G20760.1 NAD(P)-binding Rossmann-fold superfamily protein 0.04 -1.90
AT1G32900.1 UDP-Glycosyltransferase superfamily protein 0 -1.90
AT1G79790.2 Haloacid dehalogenase-like hydrolase (HAD) superfamily protein 0 -1.94
AT2G41430.1 Dehydration-induced protein (ERD15) 0.03 -1.95
AT2G30695.1 FUNCTIONS IN: molecular_function unknown; INVOLVED IN: 

protein folding, protein transport; LOCATED IN: chloroplast stroma, 
chloroplast; EXPRESSED IN: 23 plant structures; EXPRESSED 
DURING: 13 growth stages; CONTAINS InterPro DOMAIN/s: 
Trigger factor, ribosome-binding, bacterial (InterPro:IPR008881); 
Has 253 Blast hits to 253 proteins in 72 species: Archae - 0; 
Bacteria - 138; Metazoa - 0; Fungi - 0; Plants - 40; Viruses - 0; 
Other Eukaryotes - 75 (source: NCBI BLink). 

0 -1.95

AT1G48860.2 RNA 3'-terminal phosphate cyclase/enolpyruvate transferase, 
alpha/beta 

0.02 -1.96

AT2G05070.1 Photosystem II light harvesting complex gene 2.2 0 -1.96
AT2G40880.1 Cystatin A 0.01 -1.98
AT4G27800.2 Thylakoid-associated phosphatase 38 0 -1.98
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Legend: 

 
  

AT3G49720.1 Unknown protein; FUNCTIONS IN: molecular_function unknown; 
INVOLVED IN: biological_process unknown; LOCATED IN: 
chloroplast thylakoid membrane, Golgi apparatus, plasma 
membrane, membrane; EXPRESSED IN: 25 plant structures; 
EXPRESSED DURING: 15 growth stages; BEST Arabidopsis 
thaliana protein match is: unknown protein (TAIR:AT5G65810.1); 
Has 64 Blast hits to 64 proteins in 11 species: Archae - 0; Bacteria - 
0; Metazoa - 0; Fungi - 0; Plants - 64; Viruses - 0; Other Eukaryotes 
- 0 (source: NCBI BLink). 

0.03 -1.99

AT1G31230.1 Aspartate kinase-homoserine dehydrogenase i 0.01 -2.01
AT3G59980.1 Nucleic acid-binding, OB-fold-like protein 0.01 -2.01
AT3G53890.1 Ribosomal protein S21e  | chr3:19955582-19956049 REVERSE 

LENGTH=82
0.03 -2.01

AT5G18200.1 UTP:galactose-1-phosphate uridylyltransferases;ribose-5-
phosphate adenylyltransferases

0.01 -2.01

AT1G24610.1 Rubisco methyltransferase family protein 0 -2.02
AT5G02160.1 Unknown protein; FUNCTIONS IN: molecular_function unknown; 

INVOLVED IN: biological_process unknown; LOCATED IN: 
chloroplast thylakoid membrane; EXPRESSED IN: 23 plant 
structures; EXPRESSED DURING: 13 growth stages; Has 121 
Blast hits to 121 proteins in 17 species: Archae - 0; Bacteria - 0; 
Metazoa - 0; Fungi - 0; Plants - 121; Viruses - 0; Other Eukaryotes - 
0 (source: NCBI BLink). 

0.02 -2.03

AT1G30380.1 Photosystem I subunit K 0 -2.06
AT1G02475.1 Polyketide cyclase/dehydrase and lipid transport superfamily 

protein
0.01 -2.07

ATCG00760.1 Ribosomal protein L36 0.03 -2.07
AT1G51680.1 4-coumarate:CoA ligase 1 0 -2.09
AT3G27160.1 Ribosomal protein S21 family protein 0 -2.12
AT5G26667.2 P-loop containing nucleoside triphosphate hydrolases superfamily 

protein 
0 -2.14

AT1G45201.2 Triacylglycerol lipase-like 1 0 -2.16
AT5G37360.1 Unknown protein; FUNCTIONS IN: molecular_function unknown; 

INVOLVED IN: biological_process unknown; LOCATED IN: 
chloroplast thylakoid membrane, chloroplast; EXPRESSED IN: 23 
plant structures; EXPRESSED DURING: 13 growth stages; Has 
1807 Blast hits to 1807 proteins in 277 species: Archae - 0; Bacteria 
- 0; Metazoa - 736; Fungi - 347; Plants - 385; Viruses - 0; Other 
Eukaryotes - 339 (source: NCBI BLink).

0.01 -2.18

AT3G21055.1 Photosystem II subunit T 0.03 -2.19
AT1G43560.1 Thioredoxin Y2 0.02 -2.25
ATCG00430.1 Photosystem II reaction center protein G 0 -2.26
AT1G10370.1 Glutathione S-transferase family protein 0.04 -2.27
AT5G48880.2 Peroxisomal 3-keto-acyl-CoA thiolase 2 0.01 -2.27
AT5G43970.1 Translocase of outer membrane 22-V 0 -2.28
AT2G43180.1 Phosphoenolpyruvate carboxylase family protein 0 -2.34
AT1G29930.1 Chlorophyll A/B binding protein 1 0 -2.35
AT1G52230.1 Photosystem I subunit H2 0 -2.46
AT5G54270.1 Light-harvesting chlorophyll B-binding protein 3 0 -2.52
AT1G02500.1 S-adenosylmethionine synthetase 1 0 -2.64
AT3G21200.1 Proton gradient regulation 7 0.01 -2.72
AT2G34430.1 Light-harvesting chlorophyll-protein complex II subunit B1 0 -3.16
AT5G16020.1 Gamete-expressed 0.01 -4.98

Up-regulation Down-regulation 

+  −  1.5 
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Legend:
1.  Response to stimulus
2.  Cytoplasm
3.  Organelle
4.  Membrane-bound organelle
5.  Chloroplast
6.  Cellular process
7.  Metabolic process
8.  Photosynthesis
9.  Organic acid metabolic process
10.  Nitrogen compound metabolic process
11.  Amino acid  metabolic process
12.  Carbohydrate metabolic process
13.  Protein transport and localization
14.  Response to light stress
15.  Response to radiation
16.  Organelle organization
17.  Cytoplasm
18.  Organelle
19.  Chloroplast and plastid
20.  Mitochondrion
21.  Macromolecular complex
22.  Membrane
23.  Catalytic activity
24.  Chlorophyll binding
25.  Tetrapyrrole binding
26.  Structural molecular binding
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Figure 3.9 Comparative proteome analysis of laser-grown Arabidopsis plants. 
Functional classification of differentially expressed Arabidopsis proteins in 
response to single-wavelength red and blue lasers light. Total soluble proteins 
were extracted from Arabidopsis plantlets treated under a continuous laser light 
with for 7 days with average photon flux density of 90–100 μmol m-2 s-1. Protein 
extraction was done with tricarboxylic acid (TCA) precipitation prior to iTRAQ 
labeling for liquid chromatography-tandem mass spectrometry (LC-MS/MS). 
Proteins that have P value of ≤ 0.05 and fold change of Ι1.5Ι were considered as 
differentially expressed (see Section 3.2.5.5 for data analysis).  
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3.4 Conclusion 

 

We showed that the application of diffused single-wavelength red and blue laser 

light is sufficient for the growth and development of Arabidopsis thaliana. The 

plants are able to complete a full growth cycle from seed to seed solely under 

single waveband red and blue lasers at 671 nm and 473 nm respectively with 

phenotypes resembling those of plants grown under LEDs reported previously. 

Importantly, the plants have lower expression of proteins diagnostic for light and 

radiation stress, supported by the transcriptional responses of photosynthetic and 

light stress marker genes.  

 

The phenotypical, biochemical and proteome data show that the single-

wavelength laser light is suitable for plant growth. Taken together, these results 

will provide a basis for further optimization of laser light technologies for optimal 

plant growth. Further studies on the photosynthetic properties (e.g. 

photosynthetic capacity (Amax) and photosynthetic rate (Pn)) and stomatal 

development (e.g. stomatal conductance and density) of Arabidopsis plants in 

response to single-wavelength laser light at different spectral compositions (e.g. 

ratio and light intensity) will allow us to evaluate and better understand the overall 

performance of photosynthesis in relation to plant productivity under laser light 

regime. Given the potential benefits of laser light in horticulture (Neumann et al., 

2011, Fan et al., 2015), we foresee that this technology will eventually 
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revolutionize large-scale plant factories and allow highly energy-efficient plant 

cultivation.  

 

3.5 References 

Adamska, I., and Kloppstech, K. (1991). Evidence for the localization of the nuclear-coded 22-
kDa heat-shock protein in a subfraction of thylakoid membranes. Eur. J. Biochem. 198, 375-381. 

Appelgren, M. (1991). Effects of light quality on stem elongation of Pelargonium in vitro. Sci. Hort. 
45, 345-351. 

Assmann, S.M., Simoncini, L., and Schroeder, J.I. (1985). Blue-light activates electrogenic Ion 
pumping in guard-cell protoplasts of Vicia-Faba. Nature 318, 285-287. 

Aubry, S., Brown, N.J., and Hibberd, J.M. (2011). The role of proteins in C-3 plants prior to their 
recruitment into the C-4 pathway. J. Exp. Bot. 62, 3049-3059. 

Avercheva, O.V., Berkovich, Y.A., Erokhin, A.N., Zhigalova, T.V., Pogosyan, S.I., and 
Smolyanina, S.O. (2009). Growth and photosynthesis of Chinese cabbage plants grown under 
light-emitting diode-based light source. Russ. J. Plant Physiol. 56, 14-21. 

Baroli, I., Price, G.D., Badger, M.R., and Von Caemmerer, S. (2008). The contribution of 
photosynthesis to the red light response of stomatal conductance. Plant Physiol. 146, 737-747. 

Boyes, D.C., Zayed, A.M., Ascenzi, R., Mccaskill, A.J., Hoffman, N.E., Davis, K.R., and Gorlach, 
J. (2001). Growth stage-based phenotypic analysis of arabidopsis: A model for high throughput 
functional genomics in plants. Plant Cell 13, 1499-1510. 

Bradford, M.M. (1976). Rapid and sensitive method for quantitation of microgram quantities of 
protein utilizing principle of protein-dye binding. Anal. Biochem. 72, 248-254. 

Briggs, W.R., and Olney, M.A. (2001). Photoreceptors in plant photomorphogenesis to date. Five 
phytochromes, two cryptochromes, one phototropin, and one superchrome. Plant Physiol. 125, 
85-88. 

Bukhov, N.G., Drozdova, I.S., Bondar, V.V., and Mokronosov, A.T. (1992). Blue, red and blue 
plus red-light control of chlorophyll content and CO2 gas-exchange in barley leaves - Quantitative 
description of the effects of light quality and fluence rate. Physiol. Planta. 85, 632-638. 

Bula, R.J., Morrow, R.C., Tibbitts, T.W., Barta, D.J., Ignatius, R.W., and Martin, T.S. (1991). Light-
emitting-diodes as a radiation source for plants. Hortscience 26, 203-205. 

Casal, J.J., and Sanchez, R.A. (1998). Phytochromes and seed germination. Seed Sci. Res. 8, 
317-329. 

Chory, J., and Wu, D.Y. (2001). Weaving the complex web of signal transduction. Plant Physiol. 
125, 77-80. 



 167 

Datta, S., Hettiarachchi, G.H.C.M., Deng, X.W., and Holm, M. (2006). Arabidopsis CONSTANS-
LIKE3 is a positive regulator of red light signaling and root growth. Plant Cell 18, 70-84. 

Dougher, T.a.O., and Bugbee, B. (2001). Differences in the response of wheat, soybean and 
lettuce to reduced blue radiation. Photochem. Photobiol 73, 199-207. 

Dougher, T.a.O., and Bugbee, B. (2004). Long-term blue light effects on the histology of lettuce 
and soybean leaves and stems. J. Am. Soc. Hort. Sci. 129, 467-472. 

Fan, F., Turkdogan, S., Liu, Z.C., Shelhammer, D., and Ning, C.Z. (2015). A monolithic white 
laser. Nat. Nanotech. 10, 796-803. 

Feldman, L.J., and Briggs, W.R. (1987). Light-regulated gravitropism in seedling roots of maize. 
Plant Physiol. 83, 241-243. 

Ferreira, F.J., Guo, C., and Coleman, J.R. (2008). Reduction of plastid-localized carbonic 
anhydrase activity results in reduced Arabidopsis seedling survivorship. Plant Physiol. 147, 585-
594. 

Folta, K.M., Lieg, E.J., Durham, T., and Spalding, E.P. (2003). Primary inhibition of hypocotyl 
growth and phototropism depend differently on phototropin-mediated increases in cytoplasmic 
calcium induced by blue light. Plant Physiol. 133, 1464-1470. 

Folta, K.M., and Maruhnich, S.A. (2007). Green light: a signal to slow down or stop. J. Exp. Bot. 
58, 3099-3111. 

Franklin, K.A., and Whitelam, G.C. (2004). Light signals, phytochromes and cross-talk with other 
environmental cues. J. Exp. Bot. 55, 271-276. 

Funk, C., Schroder, W.P., Napiwotzki, A., Tjus, S.E., Renger, G., and Andersson, B. (1995). The 
PsII-S protein of higher plants - A new type of pigment-binding protein. Biochem. 34, 11133-
11141. 

Galen, C., Rabenold, J.J., and Liscum, E. (2007). Light-sensing in roots. Plant Signal. Behav. 2, 
106-108. 

Goins, G.D., Yorio, N.C., Sanwo-Lewandowski, M.M., and Brown, C.S. (1998). Life cycle 
experiments with Arabidopsis grown under red light-emitting diodes (LEDs). Life Support Biosph. 
Sci. 5, 143-149. 

Hayashi, M.K., T. (2011). Crosstalk between blue-light- and ABA-signaling pathways in stomatal 
guard cells. Plant Signal. Behav. 6, 1662-1664. 

Hemm, M.R., Rider, S.D., Ogas, J., Murry, D.J., and Chapple, C. (2004). Light induces 
phenylpropanoid metabolism in Arabidopsis roots. Plant J. 38, 765-778. 

Hernandez, R., and Kubota, C. (2014). Growth and morphological response of cucumber 
seedlings to supplemental red and blue photon flux ratios under varied solar daily light integrals. 
Sci. Hort. 173, 92-99. 

Hernandez, R., and Kubota, C. (2016). Physiological responses of cucumber seedlings under 
different blue and red photon flux ratios using LEDs. Environ. Exp. Bot. 121, 66-74. 



 168 

Hoang, C.V., and Chapman, K.D. (2002). Biochemical and molecular inhibition of plastidial 
carbonic anhydrase reduces the incorporation of acetate into lipids in cotton embryos and 
tobacco cell suspensions and leaves. Plant Physiol. 128, 1417-1427. 

Hoenecke, M.E., Bula, R.J., and Tibbitts, T.W. (1992). Importance of blue photon levels for lettuce 
seedlings grown under red-light-emitting diodes. Hortscience 27, 427-430. 

Hogewoning, S.W., Douwstra, P., Trouwborst, G., Van Ieperen, W., and Harbinson, J. (2010a). 
An artificial solar spectrum substantially alters plant development compared with usual climate 
room irradiance spectra. J. Exp. Bot. 61, 1267-1276. 

Hogewoning, S.W., Trouwborst, G., Maljaars, H., Poorter, H., Van Ieperen, W., and Harbinson, J. 
(2010b). Blue light dose-responses of leaf photosynthesis, morphology, and chemical 
composition of Cucumis sativus grown under different combinations of red and blue light. J. Exp. 
Bot. 61, 3107-3117. 

Hu, H.H., Boisson-Dernier, A., Israelsson-Nordstrom, M., Bohmer, M., Xue, S.W., Ries, A., 
Godoski, J., Kuhn, J.M., and Schroeder, J.I. (2010). Carbonic anhydrases are upstream 
regulators of CO2-controlled stomatal movements in guard cells. Nat. Cell Biol. 12, 87-93. 

Hu, Y.G., Li, P.P., and Shi, J.T. (2007). Photosynthetically supplemental lighting for vegetable 
crop production with super-bright laser diode - art. no. 64560V. High-Power Diode Laser Tech. 
Appl. V 6456, V4560-V4560. 

Iino, M., Ogawa, T., and Zeiger, E. (1985). Kinetic-properties of the blue-light response of 
stomata. Proc. Natl. Acad. Sci. USA. 82, 8019-8023. 

Ishiguri, Y., and Oda, Y. (1972). Relationship between red and far-red light on flowering of long-
day plant, Lemna-Gibba. Plant Cell Physiol. 13, 131-138. 

Janda, M., Navratil, O., Haisel, D., Jindrichova, B., Fousek, J., Burketova, L., Cerovska, N., and 
Moravec, T. (2015). Growth and stress response in Arabidopsis thaliana, Nicotiana benthamiana, 
Glycine max, Solanum tuberosum and Brassica napus cultivated under polychromatic LEDs. 
Plant Met. 11. 

Johkan, M., Shoji, K., Goto, F., Hashida, S., and Yoshihara, T. (2010). Blue light-emitting diode 
light irradiation of seedlings improves seedling quality and growth after transplanting in red leaf 
lettuce. Hortscience 45, 1809-1814. 

Johnson, E., Bradley, M., Harberd, N.P., and Whitelam, G.C. (1994). Photoresponses of light-
grown Phya mutants of arabidopsis - Phytochrome-A is required for the perception of daylength 
extensions. Plant Physiol. 105, 141-149. 

Jung, H.S., Okegawa, Y., Shih, P.M., Kellogg, E., Abdel-Ghany, S.E., Pilon, M., Sjolander, K., 
Shikanai, T., and Niyogi, K.K. (2010). Arabidopsis thaliana PGR7 encodes a conserved 
chloroplast protein that is necessary for efficient photosynthetic electron transport. PLoS One 5, 
e11688. 

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

Kinoshita, T., Doi, M., Suetsugu, N., Kagawa, T., Wada, M., and Shimazaki, K. (2001). phot1 and 
phot2 mediate blue light regulation of stomatal opening. Nature 414, 656-660. 



 169 

Kiss, J.Z., Mullen, J.L., Correll, M.J., and Hangarter, R.P. (2003). Phytochromes A and B mediate 
red-light-induced positive phototropism in roots. Plant Physiol. 131, 1411-1417. 

Levy, H., Gokhman, I., and Zamir, A. (1992). Regulation and light-harvesting complex-II 
association of a Dunaliella protein homologous to early light-induced proteins in higher-plants. J. 
Biol. Chem. 267, 18831-18836. 

Li, H., Tang, C., Xu, Z., Liu, X., and Han, X. (2012). Effects of different light sources on the growth 
of Non-heading Chinese Cabbage (Brassica campestris L.). J. Agric. Sci. 4, 262-273. 

Li, H.M., Tang, C.M., and Xu, Z.G. (2013). The effects of different light qualities on rapeseed 
(Brassica napus L.) plantlet growth and morphogenesis in vitro. Sci. Hort. 150, 117-124. 

Lian, M.L., Murthy, H.N., and Paek, K.Y. (2002). Effects of light emitting diodes (LEDs) on the in 
vitro induction and growth of bulblets of Lilium oriental hybrid 'Pesaro'. Sci. Hort. 94, 365-370. 

Lodish, H., Berk, A., and Zipursky, S.L. (2000). Photosynthetic Stages and Light-Absorbing 
Pigments. New York: W.H. Freeman. 

Marondedze, C., Groen, A.J., Thomas, L., Lilley, K.S., and Gehring, C. (2016). A quantitative 
phosphoproteome analysis of cGMP-dependent cellular responses in Arabidopsis thaliana. Mol. 
Plant 9, 621-623. 

Molas, M.L., Kiss, J.Z., and Correll, M.J. (2006). Gene profiling of the red light signalling 
pathways in roots. J. Exp. Bot. 57, 3217-3229. 

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

Muneer, S., Kim, E.J., Park, J.S., and Lee, J.H. (2014). Influence of green, red and blue light 
emitting diodes on multiprotein complex proteins and photosynthetic activity under different light 
intensities in lettuce leaves (Lactuca sativa L.). Int. J. Mol. Sci. 15, 4657-4670. 

Munekage, Y., Hashimoto, M., Miyake, C., Tomizawa, K., Endo, T., Tasaka, M., and Shikanai, T. 
(2004). Cyclic electron flow around photosystem I is essential for photosynthesis. Nature 429, 
579-582. 

Murase, H. (2015). The latest development of laser application research in plant factory. Agric. 
Agric. Sci. Proc. 3, 4-8. 

Neumann, A., Wierer, J.J., Davis, W., Ohno, Y., Brueck, S.R.J., and Tsao, J.Y. (2011). Four-color 
laser white illuminant demonstrating high color-rendering quality. Opt. Express 19, 982-990. 

Olle, M., and Virsile, A. (2013). The effects of light-emitting diode lighting on greenhouse plant 
growth and quality. Agric. Food Sci. 22, 223-234. 

Piovene, C., Orsini, F., Bosi, S., Sanoubar, R., Bregola, V., Dinelli, G., and Gianquinto, G. (2015). 
Optimal red:blue ratio in led lighting for nutraceutical indoor horticulture. Sci. Hort. 193, 202-208. 

Price, G.D., Voncaemmerer, S., Evans, J.R., Yu, J.W., Lloyd, J., Oja, V., Kell, P., Harrison, K., 
Gallagher, A., and Badger, M.R. (1994). Specific reduction of chloroplast carbonic-anhydrase 
activity by antisense RNA in transgenic tobacco plants has a minor effect on photosynthetic CO2 
assimilation. Planta 193, 331-340. 



 170 

Quail, P.H. (2002). Phytochrome photosensory signalling networks. Nat. Rev. Mol. Cell Biol. 3, 
85-93. 

Roelfsema, M.R., and Hedrich, R. (2005). In the light of stomatal opening: new insights into 'the 
Watergate'. New Phytol. 167, 665-691. 

Roelfsema, M.R.G., Hanstein, S., Felle, H.H., and Hedrich, R. (2002). CO2 provides an 
intermediate link in the red light response of guard cells. Plant J. 32, 65-75. 

Ruban, A.V. (2009). Plants in light. Comm. Integr. Biol. 2, 50-55. 

Runkle, E.S., and Heins, R.D. (2001). Specific functions of red, far red, and blue light in flowering 
and stem extension of long-day plants. J. Am. Soc. Hort. Sci. 126, 275-282. 

Sabzalian, M.R., Heydarizadeh, P., Zahedi, M., Boroomand, A., Agharokh, M., Sahba, M.R., and 
Schoefs, B. (2014). High performance of vegetables, flowers, and medicinal plants in a red-blue 
LED incubator for indoor plant production. Agro. Sustainable Dev. 34, 879-886. 

Schagerl, M., and Muller, B. (2006). Acclimation of chlorophyll a and carotenoid levels to different 
irradiances in four freshwater cyanobacteria. J. Plant Physiol. 163, 709-716. 

Schneider, C.A., Rasband, W.S., and Eliceiri, K.W. (2012). NIH Image to ImageJ: 25 years of 
image analysis. Nat. Methods 9, 671-675. 

Shimazaki, K., Iino, M., and Zeiger, E. (1986). Blue light-dependent proton extrusion by guard-cell 
protoplasts of Vicia faba. Nature 319, 324-326. 

Solovchenko, A.E., and Merzlyak, M.N. (2008). Screening of visible and UV radiation as a 
photoprotective mechanism in plants. Russ. J. Plant Physiol. 55, 719-737. 

Son, K.H., and Oh, M.M. (2013). Leaf shape, growth, and antioxidant phenolic compounds of two 
lettuce cultivars grown under various combinations of blue and red light-emitting diodes. 
Hortscience 48, 988-995. 

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

Sullivan, J.A., and Deng, X.W. (2003). From seed to seed: the role of photoreceptors in 
Arabidopsis development. Dev. Biol. 260, 289-297. 

Takahashi, S., and Badger, M.R. (2011). Photoprotection in plants: a new light on photosystem II 
damage. Trends Plant Sci. 16, 53-60. 

Tamulaitis, G., Duchovskis, P., Bliznikas, Z., Breive, K., Ulinskaite, R., Brazaityte, A., Novickovas, 
A., and Zukauskas, A. (2005). High-power light-emitting diode based facility for plant cultivation. 
J. Phy. D-Applied Phy. 38, 3182-3187. 

Tanz, S.K., Tetu, S.G., Vella, N.G.F., and Ludwig, M. (2009). Loss of the transit peptide and an 
increase in gene expression of an ancestral chloroplastic carbonic anhydrase were instrumental 
in the evolution of the cytosolic C-4 carbonic anhydrase in Flaveria. Plant Physiol. 150, 1515-
1529. 



 171 

Terashima, I., Fujita, T., Inoue, T., Chow, W.S., and Oguchi, R. (2009). Green light drives leaf 
photosynthesis more efficiently than red light in strong white light: Revisiting the enigmatic 
question of why leaves are green. Plant Cell Physiol. 50, 684-697. 

Thomas, L., Marondedze, C., Ederli, L., Pasqualini, S., and Gehring, C. (2013). Proteomic 
signatures implicate cAMP in light and temperature responses in Arabidopsis thaliana. J. 
Proteomics 83, 47-59. 

Tombesi, S., Nardini, A., Frioni, T., Soccolini, M., Zadra, C., Farinelli, D., Poni, S., and Palliotti, A. 
(2015). Stomatal closure is induced by hydraulic signals and maintained by ABA in drought-
stressed grapevine. Sci. Rep. 5, 12449. 

Tominaga, M., Kinoshita, T., and Shimazaki, K. (2001). Guard-cell chloroplasts provide ATP 
required for H+ pumping in the plasma membrane and stomatal opening. Plant Cell Physiol. 42, 
795-802. 

Tyystjarvi, E. (2008). Photoinhibition of Photosystem II and photodamage of the oxygen evolving 
manganese cluster. Coordination Chem. Rev. 252, 361-376. 

Vanninen, I., Pinto, D.M., Nissinen, A.I., Johansen, N.S., and Shipp, L. (2010). In the light of new 
greenhouse technologies: 1. Plant-mediated effects of artificial lighting on arthropods and 
tritrophic interactions. Annals Applied Biol. 157, 393-414. 

Vavasseur, A., and Raghavendra, A.S. (2005). Guard cell metabolism and CO2 sensing. New 
Phytol. 165, 665-682. 

Wang, H., and Wang, H.Y. (2015). Phytochrome signaling: Time to tighten up the loose ends. 
Mol. Plant 8, 540-551. 

Wang, J., Lu, W., Tong, Y.X., and Yang, Q.C. (2016). Leaf morphology, photosynthetic 
performance, chlorophyll fluorescence, stomatal development of lettuce (Lactuca sativa L.) 
exposed to different ratios of red light to blue light. Front. Plant Sci. 7. 

Wientjes, E., and Croce, R. (2011). The light-harvesting complexes of higher-plant Photosystem I: 
Lhca1/4 and Lhca2/3 form two red-emitting heterodimers. Biochem. J. 433, 477-485. 

Winkel-Shirley, B. (2002). Biosynthesis of flavonoids and effects of stress. Curr. Opi. Plant Biol. 5, 
218-223. 

Wojciechowska, R., Dlugosz-Grochowska, O., Kolton, A., and Zupnik, M. (2015). Effects of LED 
supplemental lighting on yield and some quality parameters of lamb's lettuce grown in two winter 
cycles. Sci. Hort. 187, 80-86. 

Wollaeger, H.M., and Runkle, E.S. (2014). Growth of impatiens, petunia, salvia, and tomato 
seedlings under blue, green, and red light-emitting diodes. Hortscience 49, 734-740. 

Wu, H.C., and Lin, C.C. (2012). Red light-emitting diode light irradiation improves root and leaf 
formation in difficult-to-propagate Protea cynaroides L. plantlets in vitro. Hortscience 47, 1490-
1494. 

Yamazaki, A., Tsuchiya, H., Miyajima, H., Honma, T., and Kan, H. (2002). Growth of rice plants 
under red laser-diode light supplemented with blue light. Proc. Fourth Int. Ishs Symp. Artificial 
Lighting, 177-181. 



 172 

Yorio, N.C., Goins, G.D., Kagie, H.R., Wheeler, R.M., and Sager, J.C. (2001). Improving spinach, 
radish, and lettuce growth under red light-emitting diodes (LEDs) with blue light supplementation. 
Hortscience 36, 380-383. 

Zhang, H.M., Zhao, C.Q., Li, X., Zhu, Y., Gan, C.S., Wang, Y., Ravasi, T., Qian, P.Y., Wong, 
S.C., and Sze, S.K. (2010). Study of monocyte membrane proteome perturbation during 
lipopolysaccharide-induced tolerance using iTRAQ-based quantitative proteomic approach. 
Proteomics 10, 2780-2789. 

Zhang, X., Wang, H.B., Takemiya, A., Song, C.P., Kinoshita, T., and Shimazaki, K. (2004). 
Inhibition of blue light-dependent H+ pumping by abscisic acid through hydrogen peroxide-
induced dephosphorylation of the plasma membrane H+-ATPase in guard cell protoplasts. Plant 
Cell Physiol. 45, S85-S85. 

 

  



 173 

CHAPTER 4 

 

ABA DIRECTLY MODULATES A GUARD CELL OUTWARD-RECTIFYING K+-

CHANNEL TO PROMOTE STOMATAL CLOSURE 

 

4.0 Abstract 

 

Abscisic acid (ABA) induces stomatal closure by promoting net K+-efflux from 

guard cells through outward-rectifying K+ (K+
out) channels. Here, we show that the 

addition of (±)-ABA, but not the biologically inactive (−)-isomer, increases K+
out 

channel activity in Vicia faba guard cell protoplast. A similar ABA-modulated K+ 

channel conductance was observed when the Arabidopsis thaliana guard cell 

outward-rectifying K+ (ATGORK) channel was heterologously expressed in 

human embryonic kidney 293 (HEK-293) cells. HEK-293 cells are commonly 

used as host for the heterologous expression of membrane proteins not least 

because they have high transfection efficiency and faithfully translate and 

process proteins. Also, their cell size, morphology and division rate, and low 

expression of native channels are traits that are particularly attractive for current-

voltage measurements. Furthermore, we demonstrate that the use of a GFP-

fused expression construct using Lipofectamine® 3000 reagent in a “reverse” 

format yields a high transfection efficiency, protein expression level and optimal 

detection of ATGORK in HEK-293 cells for electrophysiological characterization 
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of ABA-GORK interaction. In ATGORK, the double mutations K559A and Y562A 

at the predicted ABA-interacting site impair ABA-dependent channel activation. 

Together, this makes GORK a direct target for ABA in the regulation of stomatal 

aperture and hence gas exchange and transpiration. 

 

4.1 Introduction 

 

Regulation of stomatal aperture enables plants to adapt to changes in 

environmental conditions by maintaining the balance between atmospheric CO2 

uptake for photosynthesis and preventing excessive transpirational water loss	

(Assmann, 1993, Hosy et al., 2003). The stomatal aperture is controlled by the 

turgor and volume changes in the guard cells surrounding the stomatal pore in 

the epidermis of plant leaves and stems. During stomatal opening, guard cells 

accumulate K+, Cl- and malate anions as well as sucrose, which leads to swelling 

of the guard cells due to increases in turgor, while the efflux of these solutes 

leads to stomatal closure (Talbott, 1998, Schroeder et al., 2001). ABA has key 

regulatory roles in plant growth and development and accumulates in response to 

abiotic and biotic stresses, which in turn activate the ABA signaling cascade that 

leads to expression of ABA-activated stress-related genes and changes in 

stomatal aperture (Yamazaki et al., 2003, Raghavendra et al., 2010). 
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Stomatal closure reduces transpirational water loss in plants but also prevents 

pathogen invasion (Schroeder et al., 2001, Becker et al., 2003, Lim et al., 2012). 

The mechanism of ABA-induced stomatal closure involves cytosolic alkalization 

(Gehring et al., 1990, Irving et al., 1992), inhibition of plasma membrane proton 

pumps	 (Goh et al., 1996, Brault et al., 2004), the increase of cytosolic Ca2+ 

(Schroeder and Hagiwara, 1990, McAinsh et al., 1992) and activation of rapid (R-

type) and slow (S-type) anion channels	(Schroeder and Keller, 1992, Grabov et 

al., 1997, Roelfsema et al., 2006, Vahisalu et al., 2008) which results in rapid and 

sustained membrane depolarization	 (Thiel et al., 1992, Brault et al., 2004) and 

subsequently, the inhibition of the inward-rectifying K+-channel (K+
in) and 

activation of K+
out (Blatt and Thiel, 1994, Lemtiri-Chlieh, 1996, Miedema and 

Assmann, 1996). This series of events result in a net efflux of K+ and anions from 

the guard cells (Schroeder et al., 2001), osmotic water loss and consequently 

stomatal closure (Schroeder et al., 2001). Reactive oxygen species (ROS) and 

nitric oxide (NO) have also been implicated in the ABA-mediated stomatal 

closure (Zhang et al., 2001, Desikan et al., 2002, Neill et al., 2008).	

	

Both KAT1 (K+
in) and GORK (K+

out) are highly expressed in guard cells and 

belong to the Shaker-like Kv superfamily of voltage-gated ion channels are 

responsible for changes in intracellular guard cell K+ levels that in turn control 

stomatal aperture (Ache et al., 2000, Pilot et al., 2001, Szyroki et al., 2001, Hosy 

et al., 2003, Dreyer and Blatt, 2009). Upon membrane hyperpolarization, both 
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heteromultimeric KAT1 and KAT2 channels function in stomatal opening by 

causing K+ influx into guard cells (Pilot et al., 2001) while GORK acts in the 

opposite manner, opening at depolarized membrane voltages and promotes K+ 

efflux from the guard cells resulting in turgor loss and subsequently, stomatal 

closure	(Hosy et al., 2003). 

 

With the discovery of the PYR/PYL/RCARs, a family of the soluble steroidogenic 

acute regulatory-related lipid transfer (START) proteins as the ABA receptors, the 

core ABA signalosome from its perception including the mechanistic insights of 

early events of ABA signaling to the downstream of ABA-activated stress-related 

gene expression and regulation of ion channels in stomatal movement have now 

been described (Fujii et al., 2009, Ma et al., 2009, Melcher et al., 2009, Park et 

al., 2009, Nishimura et al., 2010, Santiago et al., 2012, Ng et al., 2014). While 

ABA-dependent regulation of ion channels involved in the stomatal aperture 

changes has been demonstrated	(Lim et al., 2012, Yin et al., 2013, Lefoulon et 

al., 2016), there is no indication that ABA may directly modulate ion channel 

activity.  

 

This chapter focused on the functions and physiological behavior of the ABA-

modulated current activity of an Arabidopsis thaliana guard cell outward-rectifying 

potassium channel (ATGORK) that contribute to stomatal closure. We also 

examined several currently used transfection reagents and in-cell fluorescent 
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labeling and detection methods for transient expression of ATGORK in HEK-293 

cells. Here, we show that ABA can directly modulate ion transport through the 

GORK channel, enabling a rapid ABA-dependent stomatal closure that is 

independent from currently annotated ABA signaling components. In addition, we 

also provide a detailed authoritative protocol that describes the key stages in the 

transient transfection and high expression of ATGORK channel in HEK-293 cells 

optimized for electrophysiological characterization of the ABA-GORK interaction. 

 

4.2 Materials and methods 

 

4.2.1 Preparation of guard cell protoplasts 

 

Guard cell protoplasts were isolated from abaxial epidermal strips of three to four 

week old Vicia faba L. leaves as described previously (Lemtiri-Chlieh and 

MacRobbie, 1994). Electrophysiological recordings of the protoplast membrane 

were performed in excised outside-out patches as described previously (Lemtiri-

Chlieh, 1996). 

 

4.2.2 Design of plasmid constructs for transient expression of ATGORK 

and site-directed atgork mutant in HEK-293 cells 
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Both pcDNATM6.2/cLumioTM-DEST and Vivid ColorsTM pcDNATM6.2/EmGFP-

DEST Gateway® vector (Figure 4.1) were selected as the expression vectors to 

heterologously express the full-length Arabidopsis thaliana GORK channel 

(ATGORK) (AT5G37500) and its site-directed mutants in HEK-293 cells. The 

LumioTM tag consisting of 6 amino acids is located at 27 amino acid residues 

downstream of the C-terminal of ATGORK (Figure 4.1a). The LumioTM tag 

contains a tetra-cysteine motif (Cys-Cys-Pro-Gly-Cys-Cys) that forms an 

arsenical hairpin detectable by interactions with biarsenical labeling reagents 

(e.g. LumioTM Green or LumioTM Red) (Griffin et al., 1998, Adams et al., 2002). 

The Emerald Green Fluorescent Protein (EmGFP) derived from Aequorea 

victoria GFP (Tsien, 1998) is C-terminally tagged at the end of the ATGORK 

sequence in the mammalian expression clone (Figure 4.1b). Gene sequences of 

ATGORK were codon optimized using the GeneOptimizer® software 

(ThermoFisher Scientific, Carlsbad, CA) prior to gene assembly from synthetic 

oligonucleotides and/or PCR products to maximize expression of ATGORK gene 

in the mammalian expression system	 (Fath et al., 2011). A double ATGORK440-

672/K559A/Y562A mutant was constructed using the GeneArtTM Gene Synthesis 

(ThermoFisher Scientific, Carlsbad, CA) and the gene sequence was codon 

optimized prior to insertion into the similar expression vector. 
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Figure 4.1 Design of ATGORK (AT5G37500) plasmid construct. Domain organisation of 
full-length Arabidopsis thaliana GORK (ATGORK) (AT5G37500) channel and the 
insertion of ATGORK gene into pcDNATM6.2/cLumioTM-DEST (a) and Vivid 
ColorsTM pcDNATM6.2/EmGFP-DEST Gateway® vector (b) respectively. (a) The 
LumioTM tag of 585 Da consisting of 6 amino acids (Cys-Cys-Pro-Gly-Cys-Cys) 
was located at 27 amino acid residues downstream of the C-terminal of 
ATGORK. (b) The Emerald Green Fluorescent Protein (EmGFP) of 27 kDa 
derived from Aequorea victoria GFP was C-terminally tagged at 7 amino acid 
residues downstream of ATGORK (Ooi et al., 2016). 

 

4.2.3 Cloning, transformation and plasmid purification 

 

The optimized fragment was inserted into a Gateway® pDONRTM221 entry vector, 

after which an LR recombination reaction between the entry vector and the 
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pcDNATM6.2/cLumioTM-DEST or the Vivid ColorsTM pcDNATM6.2/EmGFP-DEST 

Gateway® vector was performed using the Gateway® LR Clonase® II Enzyme 

Mix (Invitrogen, Carlsbad, CA) following the manufacturer’s protocol. The 

mammalian expression vectors containing the ATGORK insert were 

subsequently transformed and propagated into One Shot® Mach1™ T1 phage-

resistant chemically competent E. coli cells (Life Technologies, Carlsbad, CA) 

after which the expression constructs were sequenced. High quality plasmid DNA 

for transfection was isolated and purified using the Invitrogen™ PureLink® HQ 

Mini Plasmid Purification kit (Invitrogen™, ThermoFisher Scientific, Carlsbad, 

CA) according to the manufacturer’s instructions. 

 

4.2.4 Growth and maintenance of the HEK-293 cell line 

 

The HEK-293 cell line (Life Technologies, Carlsbad, CA) used in this study was 

cultured and maintained in complete medium consisting of Dulbecco’s modified 

Eagle’s medium, DMEM (1X) + GlutaMAXTM-I (Life Technologies Europe BVM, 

Bleiswijk, Netherlands) and supplemented with 10 % (v/v) fetal bovine serum 

(Life Technologies, Carlsbad, CA) and 1 % penicillin-streptomycin (10, 000 U/mL) 

(Life Technologies Europe BVM, Bleiswijk, Netherlands) at 37 °C in a 5 % carbon 

dioxide (CO2) humidified growth incubator.  
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4.2.5 Transient transfection and heterologous expression of ATGORK and 

site-directed atgork mutant in HEK-293 cells 

 

The cationic lipid-based transfection reagents, Lipofectamine® 2000 (Life 

Technologies, Carlsbad, CA), Lipofectamine® 3000 (Life Technologies, Carlsbad, 

CA) and non-liposomal FuGENE® HD formulation (Promega, Madison, WI) were 

used to transiently transfect the HEK-293 cells with the ATGORK plasmid 

construct according to the manufacturer’s instructions respectively (Table 4.1). 

OPTI-MEM® I (1X) Reduced Serum Medium (Life Technologies, Carlsbad, CA) 

was used as diluent in all transfection steps. Both the clean coverslips and 

Corning® Costar® 6 well, flat bottom cell culture plates were coated with 50 

μg/mL poly-D-lysine hydrobromide (Sigma-Aldrich, St. Louis, MO). Upon 

transfection, the cells were incubated at 37 °C overnight in a 5 % CO2 humidified 

growth incubator, after which the transfected cells were visualized under 

fluorescence microscope prior to whole-cell current recording. Here, we define 

“standard” transfection as a method entailing the addition of the plasmid DNA 

and transfection reagent mixture in a drop-wise manner to the adherent HEK-293 

cells that have been seeded at a final cell concentration of 2.5 x 105 a day before. 

The “reverse” transfection method entails adding the plasmid and transfection 

reagent mixture directly into the cell suspension prior to plating to the coated 6 

well culture dish. The “double” transfection refers to both “standard” and “reverse” 
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methods in which it is a sequence of reverse transfection and incubates 

overnight, followed by standard transfection on the following day.  

 

Table 4.1 Lipid-mediated transient transfection experimental parameters and 
conditions 

Component per well FuGENE® HD 
Lipofectamine® 

2000 3000 

HEK-293 cell number 2.5 x 105 cells 2.5 x 105 cells 2.5 x 105 cells 

(i) Transfection reagent     

OPTI-MEM® I medium 100 μL 125 μL 125 μL 

Transfection reagent 10 μL 12.5 μL 7.5 μL 

(ii) DNA component    

OPTI-MEM® I medium Up to 100 μL Up to 125 μL Up to 125 μL 

Plasmid DNA 2.5 μg 2.5 μg 2.5 μg 

*P3000TM reagent  N/A N/A 5 μL 

Incubation time at RT 15 mins 5 mins 5 mins 

* Applicable only for transfections using the Lipofectamine® 3000 reagent. 

 

4.2.6 In vivo fluorescence labeling, imaging and quantification 

 

Expression of ATGORK-cLumioTM in HEK-293 cells was detected by in vivo 

fluorescence labeling using the LumioTM Green In-Cell Labeling kit (Life 

Technologies, Carlsbad, CA). Cells transfected with ATGORK-cLumioTM 

expression vector were labeled with 1.25 μM of LumioTM Green, a biarsenical 
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labeling reagent, specifically recognizes and binds to the tetracysteine LumioTM 

tag, which strongly fluoresces upon binding to the LumioTM tag. The HEK-293 

cells transfected with ATGORK-EmGFP plasmid were identified under 

fluorescence microscope (Nikon Eclipse TS100, Melville, NY) using the green 

fluorescence filter at the excitation wavelength from 460 to 500 nm and then 

selected and subjected for whole-cell current recording. Three bright-field images 

were captured from three randomly chosen locations under a 20 x objective lens. 

Three fluorescence images under the same viewing fields were also taken to 

calculate the percentage of transfection efficiency. On average, a fluorescence 

image contained several hundred green cells. Both pcDNATM6.2/nLumioTM-

GW/p64 and Vivid Colors pcDNA6.2/C-terminal tagged EmGFP/GW/CAT 

plasmids were used as the positive control for transfection efficiency and as a 

negative control for whole-cell recording.  

 

The fluorescence and bright-field images were processed and analyzed using 

Image J (Schneider et al., 2012) according to methods described previously (Lin 

et al., 2015) in order to determine the transfection efficiency and the expression 

levels. Each fluorescence image contains 2,560 x 1,920 pixels and each is 

assigned a value ranging from 0 to 255 on an 8-bit digital scale using Image J 

(Schneider et al., 2012). Since green cells indicate successful transfection and 

protein expression, we define transfection efficiency as the number of cells that 

have fluorescence detectable above background divided by the total number of 
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cells calculated on the corresponding bright-field images and is expressed as a 

percentage. The relative expression levels of the protein were estimated by 

measuring the fluorescent intensities (in pixels) of the green cells with the 

assumption that protein expression in individual cells is linearly proportional to 

the amount of the reporter EmGFP or LumioTM tag that the cells expressed (Lin et 

al., 2015).  

 

4.2.7 RNA extraction, cDNA synthesis and determination of ATGORK 

expression by semi-quantitative RT-PCR 

 

Total RNA extraction was performed using TRIzol® reagent (Life Technologies, 

Carlsbad, CA) followed by cDNA synthesis using Applied BiosystemsTM High-

Capacity cDNA Reverse Transcription Kit (Life Technologies, Carlsbad, CA) as 

described previously	(Sagar et al., 2014). cDNA was synthesized from 3 μg of the 

extracted RNA. The heterologous expression of ATGORK in HEK-293 cells was 

determined by PCR using the KAPA Taq PCR kit (KAPA Biosystems, 

Wilmington, MA) and the designed ATGORK PCR forward and reverse primers 

(Table 4.2) and the PCR cycles were chosen according to the manufacturer’s 

instructions.  

  



 185 

 

Table 4.2 Primers and PCR conditions 

Primer Name Sequence (5’ – 3’) Tm (°C) No. of cycle 

ATGORK long forward GGTTCAAACACAGAGAGGTTCAG 62 40 

ATGORK long reverse TAATTCACGCAAGCTTGACG 62 40 

ATGORK short forward GGATCAGAAGAGAGTGTGACGTT 62 40 

ATGORK short reverse CCCTTCAGAAGCCGCG 62 40 

 

4.2.8 Current-voltage recording and analysis 

 

Recording pipettes were pulled from thick/standard wall borosilicate glass 

capillaries (B150-86-10, Sutter Instrument®, Novato, CA) using a P-1000 

FLAMING/BROWN micropipette puller (Sutter Instrument®, Novato, CA) and the 

electrode resistance was between 3 to 5 MΩ when filled with an intracellular 

solution consisting of 100 mM KCl, 25 mM N-methyl-D-glucamine, 10 mM 

HEPES, 10 mM EGTA, 1 mM CaCl2 and 4 mM MgCl2 at pH 7.30 and at 280 ± 5 

mOsm (adjusted by adding sorbitol). The external bath solution contained 10 mM 

KCl, 145 mM N-methyl-D-glucamine, 20 mM HEPES, 10 mM glucose, 0.5 mM 

CaCl2 and 1 mM MgCl2 at pH 7.30 and at 310 ± 5 mOsm (adjusted by adding 

sorbitol). Upon achieving whole-cell configuration, the cells were maintained at a 

holding potential of −60 mV and the voltage-clamp protocol consists of a series of 

1 s long squared voltage depolarization between +120 to −80 mV in 20 mV 

decrements to record the K+ currents. To differentiate between intrinsic K+ and 
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GORK currents, GORK conductance was estimated as the difference between 

steady-state currents (mean current between 0.9 and 1 s after depolarization) 

and the current measured in the range of 40 to 60 ms from the beginning of the 

voltage test. All patch clamp experiments were done at room temperature. An 

inverted microscope Carl Zeiss Axio Observer.A1 (Carl Zeiss, Oberkochen, 

Germany) was used to visualize the transfected cells. A MultiClamp™ 700B 

microelectrode amplifier (Axon Instruments, Molecular Devices, Sunnyvale, CA) 

was used. All signals were low-pass filtered at 2 kHz before analog-to-digital 

conversion and were uncorrected for leakage current or capacitive transients. All 

voltage pulse protocol designs, data acquisitions and analyses were performed 

using pCLAMP software (version 10, Axon Instruments Inc., Sunnyvale, CA) and 

were expressed as mean ± standard error mean.  

 

4.2.9 Statistical analysis 

 

Statistical analysis was performed using the Student’s t-test with Microsoft Excel 

2010. Significance was set to a threshold of P < 0.05 and n values represent 

number of biological replicates.  
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4.3 Results and discussion 

 

4.3.1 Patch clamp characterization of the K+
out channel in Vicia faba guard 

cells 

 

Current-voltage recordings of Vicia faba guard cell protoplasts in excised outside-

out membrane patches show membrane depolarization to values positive of the 

Nernst potential for K+ (EK) activated a 19 to 20 pS K+-selective channel (Figure 

4.2a (ii)), which is a GORK unitary conductance	(Lefoulon et al., 2016).	Channel 

conductance is activated in a voltage- and K+-dependent manner (Figures 4.2 

and 4.3) and addition of selective K+-channel blocker Ba2+ (10 mM) to the bath 

solution suppresses the probability of K+
out channel opening (Figure 4.2b) 

(Roelfsema and Prins, 1997, Romano et al., 1998, Ache et al., 2000, Hamilton et 

al., 2000). Together, these electrophysiological characteristics are diagnostic of a 

guard cell voltage-gated outward-rectifying K+-channel (GORK) activity (Ache et 

al., 2000, Lefoulon et al., 2016). 
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Figure 4.2 Voltage- and time-dependent recordings of single voltage-gated outward-
rectifying K+-selective channel in Vicia faba guard cell protoplasts. (a) (i) 
Voltage- and time-dependent openings of single K+-channels in outside-out 
membrane patches, excised from Vicia faba guard cell protoplasts. 
Representative currents showing a family of unitary K+

out channel conductance 
obtained by changing the voltage steps ranged between +68.7 and −6.3 mV in 15 
mV decrements. (ii) Single channel conductance of the guard cell K+

out exhibiting 
open channel conductance of 19 pS in the outside-out configuration and in the 
presence of 30 mM K+ in the bath medium and 111 mM K+ in the pipette solution. 
Note, that the single channel current reversed closely to EK (= −28 mV). (b) 
Addition of 10 mM barium chloride to the bath solution inhibits the K+

out channel 
activity.  
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Figure 4.3 K+
out channels are sensitive to both voltage and external K+ concentrations. 

(a) Current-voltage recordings from Vicia faba guard cell protoplasts of single 
K+

out channel opening at various external K+ concentrations at 10 (n), 30 (l) and 
110 (p) mM respectively. The voltage steps ranged between +55.2 mV and 
−14.8 mV in 10 mV decrements elicited K+ currents upon depolarization. (b) 
Magnified current traces of single K+

out channel recorded at VM (= +35.2 mV) in 10 
(left), 30 (middle) and 110 (right) mM external K+ concentrations respectively. (c) 
Current-voltage (I-V) plots of single channel opening at different K+ 
concentrations giving the K+ unitary conductance at 23, 25 and 35 pS 
respectively (as estimated from slopes of the linear regression lines). Note the 
shift in reversal K+ potential (Erev) as the external K+ concentration increases. 
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4.3.2  ABA increases the open probability of the K+
out channel in Vicia faba 

guard cells in a membrane-delimited pathway 

 

Unitary current recordings demonstrate that ABA increases the frequency of 

opening events of a K+-channel and the membrane-delimited effect of ABA is 

most likely on the K+-channel itself. Addition of 20 μM of natural (±)-ABA 

stereoisomer to the bath medium holds a K+ conductance channel open most of 

the time and that the ABA-dependent effect is reversible upon ABA washout 

(Figure 4.4a). In contrast, addition of the biologically less active (−)-isomer had 

no effect (Figure 4.4b). The same effect was seen in at least three other 

experiments done with either the natural (±)-ABA or with its less active (−)-

isomer.  
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Figure 4.4 A membrane-delimited, specific yet reversible effect of ABA on Vicia faba 
guard cells K+

out channels. (a) Addition of 20 μM of natural (±)-ABA 
stereoisomer to the bath medium increases the unitary K+

out channel activity, 
leading to sustain channel opening time. The ABA effect on the K+

out channel 
activity was reversed upon ABA washout. Fifteen second long representative 
single channel current traces (upper panel), the corresponding amplitude 
histogram (middle panel) and magnified (2 second long) traces (lower panel) of 
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K+
out channel activity recorded in Vicia faba guard cell protoplasts in excised 

outside-out membrane patch at Vm = +25.2 mV in control (left), 20 μM (±)-ABA 
(middle) and washout (right) conditions. (b) No significant effect on the K+

out 
channel activity was observed upon addition of the biologically inactive (−)-
isomer. Current traces (upper panel) and the corresponding magnified traces 
(lower panel) of K+

out channel activity recorded at Vm = +18.6 mV in control (left), 
20 μM (−)-ABA (middle) and 100 μM (−)-ABA (right) conditions. 

 

4.3.3 Heterologous expression of ATGORK and site-directed atgork 

mutant in HEK-293 cells 

 

Here, we examine several currently used transfection reagents and in-cell 

fluorescent labeling and detection methods for transient expression of an 

Arabidopsis thaliana guard cell outward-rectifying K+-channel, ATGORK 

(AT5G37500) in human embryonic kidney 293 (HEK-293) cells. We provide a 

generally applicable transfection procedure for the expression of ATGORK and 

its site-directed mutant proteins for current-voltage measurements and discuss 

the potential pitfalls as well as the general considerations that must be carefully 

noted throughout the experimental workflow. HEK-293 cell line is widely used as 

a host to express recombinant proteins to study their structural, biophysical and 

pharmacological properties (Baldi et al., 2007, Dalton and Barton, 2014). HEK-

293 cells in particular are an attractive heterologous system for expression of 

membrane proteins not least because they have post-translational modification 

machineries required for the proper folding and/or optimal biological activity of 

target proteins. They also exhibit high transfection efficiency, faithful translation 

and processing of proteins (Wurm, 2004) that will result in higher protein yields 
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(Backliwal et al., 2008) as compared to other mammalian cells, e.g. CHO cells 

(Bollin et al., 2011). These attributes together with the cell size, morphology, 

rapid division rate, the ease of maintenance and the low expression of native 

channels as well as the capacity to express transgenic receptor proteins and ion 

channels with high fidelity (Thomas and Smart, 2005) have established HEK-293 

cells as a host of choice for transient heterologous expression of membrane 

proteins for structural studies (Nettleship et al., 2008, Chaudhary et al., 2011, 

Andrell and Tate, 2013), biopharmaceutical (Thomas and Smart, 2005, Jager et 

al., 2013) and electrophysiology applications	 (Lemtiri-Chlieh and Ali, 2013). 

Despite these advantages, high-level expression of complex membrane proteins 

such as ion channels and trans-membrane receptors originating from a different 

species for current-voltage measurements has remained a challenge (Gan et al., 

2006, Allen et al., 2009). ATGORK is a difficult to express multi-pass plant 

membrane protein that needed to be assembled into a heteromeric complex to 

achieve its functionality. Thus, an optimized protocol for optimal expression of 

this channel protein in HEK-293 cells is important for single-cell application, 

particularly for electrophysiological studies.  

 

4.3.3.1 An ATGORK-cLumioTM tag fusion has lower transfection efficiency 

than ATGORK-EmGFP 
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In order to select for single cell expressing the channel protein for current-voltage 

measurement, fluorescent labels were used as indicators for expression of the 

ATGORK channel in the HEK-293 cells. We incorporated ATGORK with either a 

LumioTM tag (a molecular weight of 585 Da) which is a 6 amino acid long 

cysteine-rich tag separated by a gap of 27 amino acid residues (Figure 4.1a) or 

fused the protein with the Emerald Green Fluorescent Protein (EmGFP) of 27 

kDa derived from Aequorea victoria GFP at 7 amino acid residues downstream of 

the C-terminal of ATGORK (Figure 4.1b)	(Ooi et al., 2016). When designing the 

protein linker, factors such as the length, hydrophobicity and the number of 

amino acid residues to yield specific structural conformations (e.g. coiled or 

sheet) that can mitigate structural constrains and thus protein functionality must 

be considered (see reviews by	 (Chen et al., 2013, Chichili et al., 2013)). The 

LumioTM tag contains a tetracysteine motif (Cys-Cys-Pro-Gly-Cys-Cys) that forms 

an arsenical hairpin detectable by interactions with the membrane-permeant 

fluorogenic biarsenical labeling reagents (e.g. LumioTM Green or LumioTM Red) 

that strongly fluoresces upon binding, thus, enabling labeling and detection of 

LumioTM-tagged proteins with high specificity and affinity. Cells transfected with 

the manufacturer-supplied positive control plasmid pcDNA™6.2/nLumio™-

GW/p64 (Figures 4.5a and 4.5b) which is a nucleus-localized transcription factor 

(human c-myc), have poor transfection efficiency with < 50 % of cells expressing 

the p64 protein, as indicated by the green fluorescence upon labeling with 

LumioTM Green labeling reagent across all three biological replicates. However, 
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the efficiency was reduced to < 5 % for ATGORK-cLumioTM expressed in HEK-

293 cells. Upon labeling with LumioTM green reagent, the intensity of green 

fluorescence that correlates with the amount of p64-LumioTM tagged protein 

expressed in the transfected cells is around 30 – 40 pixels while those cells 

expressing the ATGORK-cLumioTM channel has < 20 pixels (Figure 4.5c). Since 

we detected mRNA transcript of ATGORK-cLumioTM in the transfected cells 

(Figure 4.6), the low fluorescence intensity observed is likely due to a poor copy 

number of ATGORK protein expressed in the cells and/or poor detection 

resolution resulting from non-specific binding of the LumioTM reagent to the cells 

which reduces the fluorescent signal-to-noise ratio. To reduce the high 

background, we performed a washing procedure using the recommended 1X 

Disperse Blue 3 solution. In addition, we also performed a stringent washing 

procedure by adding low concentrations of thiol-containing reagent using β-

mercaptoethanol that competitively bind the thiol-binding site thereby increasing 

the specific labeling of the LumioTM-tagged proteins (Langhorst et al., 2006). 

These procedures however do not overcome the problem of the high background 

fluorescence, but reduce the specific labeling and hence the overall staining 

efficiency of the Lumio-tagged proteins. On the other hand, cells transfected with 

the ATGORK-Vivid ColorsTM pcDNATM6.2/EmGFP-DEST Gateway® construct 

yield a higher number of transfected cells (55 %) and pixel intensity (80) (Figure 

4.5d). This suggests firstly, that a fluorescent protein fusion enhances the 

expression efficiency of ATGORK channel in the HEK-293 cells and/or secondly, 
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that the brightness of EmGFP results in better contrast in terms of resolution in 

detection and identification of protein of interest due at least in part to the 

reduced background noise signal (Martin et al., 2005). This ATGORK-EmGFP 

yields a two-folds higher pixel intensity than that of cells transfected with 

ATGORK-cLumioTM plasmid although the transfection efficiency is only 

marginally higher (1.5 fold), suggesting that in addition to an improved ATGORK 

protein expression in a fused GFP configuration, the detection resolution is 

markedly improved and this is consistent with previous reports (Martin et al., 

2005) that observed a 90 % improved contrast for GFP detection over biarsenic 

labels. This point is further supported by the fact that the expression of 

membrane spanning ATGORK-EmGFP channel yielded a pixel intensity that is 

higher than that of the soluble p64 transcription factor protein labeled with the 

LumioTM system (Figure 4.5d). Therefore, we recommend the EmGFP-fusion 

configuration for the expression and identification of ATGORK in HEK-293 cells 

by fluorescence detection methods since the improved contrast is critical for 

single-cell selection and patch-clamp studies in addition to an improvement in the 

protein expression efficiency. 

 

Since the expression vector contains both the target gene and the fluorescent 

marker, cells that appear fluorescent therefore provide direct indication of the 

expression and localization of the target protein in the cells. This is in contrast to 

the co-transfection method in which the expression of the marker gene (CD8-
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alpha or a fluorescent protein) may not have a correlation to the success of 

transfection efficiency and the targeted protein expression level. However, the 

fluorescent tag or protein fusion may impose structural constrains that can be 

detrimental to the functionality of the protein of interest	(Giepmans et al., 2006). 

Here, we generated a construct in which ATGORK is fused with the EmGFP at 

the C-terminal and separated by a 7 amino acid spacer. The EmGFP reporter is 

located at 519 amino acids away from the annotated transmembrane regions that 

form the channel pore at the N-terminal of ATGORK (Figure 4.1b), and this 

presumably provides a sufficient spatial separation to avoid structural constraints 

that may interfere with the biological activity of the channel protein. Here, we 

demonstrate that the GFP fusion in this configuration does not alter the 

functionality of the channel expressed in HEK-293 cells whereas a fusion protein 

that is very close to the functional domain (e.g. channel pore, catalytic center or 

ligand-binding site) is more likely to disrupt the structure or biological activity of 

the protein (Hoffmann et al., 2010). In some cases, the maturation time of 

fluorescent proteins may be a limiting factor especially when studying rapid 

protein-ligand or protein-protein interactions	 (Snapp, 2005). While the use of a 

smaller label such as the membrane-permeant fluorogenic biarsenical dye 

fluorescein arsenical hairpin binder (F1AsH) or the alternative red-shifted 

resorufin arsenical hairpin binder analog (ReAsH) can conceivably overcome 

structural and the concomitant functionality concerns, these epitopes require 

labeling with biarsenical dyes that may be toxic to the cells. In addition, non-
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specific binding of the dye to the hydrophobic regions of the membrane in the 

cells is commonly associated to the problem of high background staining which 

may be overcome by an additional washing procedure upon labeling (Martin et 

al., 2005). Still, in our case, we did not notice a significant improvement in the 

staining efficiency even after washing. Furthermore, the washing procedure 

involving thiol-containing reagents may damage the cells and alter native protein 

functions (Langhorst et al., 2006). The contrast and cytotoxicity issues commonly 

associated with the LumioTM reagents have been discussed elsewhere 

(Hoffmann et al., 2010).  
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Figure 4.5 Transfection and expression efficiencies of ATGORK tagged with LumioTM 
and ATGORK fused with EmGFP in HEK-293 cells. (a) HEK-293 cells 
transfected with ATGORK-cLumioTM expression vector has reduced transfection 
efficiency as compared to the expression of the positive control p64, human c-
myc protein (see Section 4.2.2 and Figure 4.1 for details of the plasmids 
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construct) consistent across all three biological replicates. (b) Representative 
images showing the poor transfection efficiency of cells transfected with 
ATGORK-cLumioTM and the p64 positive control vectors. (c) The expression of 
ATGORK in green fluorescence cells is lower than that of p64 using the LumioTM 
system as determined by their pixel intensities. (d) The ATGORK-EmGFP has a 
higher transfection efficiency and protein expression than that of the nLumioTM-
tagged p64 in HEK-293 cells. A typical 20 x magnification of HEK-293 cell image 
contains 2,560 x 1,920 pixels and is converted to an 8-bit byte image based on a 
scale of 0 – 255 using ImageJ (Schneider et al., 2012a). The lower limit cut-off 
representing appreciable and above background fluorescence, was set at 10 
pixels. Transfection efficiency and protein expression of more than 100 cells in 
each viewing field were analyzed (see Section 4.2.6 for analysis)	 (Ooi et al., 
2016).  

 

 

 

 

 

 

 

 

 

 

Figure 4.6 mRNA transcript of ATGORK-LumioTM heterologously expressed in HEK-
293 cells. The heterologous expression of ATGORK-cLumioTM via 
pcDNATM6.2/cLumioTM-DEST vector in HEK-293 cells was determined by PCR 
using the KAPA Taq PCR kit and the designed ATGORK short (i and ii) and long 
(iii and iv) PCR forward and reverse primers (Table 4.2). Cells were transiently 
transfected with 0.5 μg of ATGORK-cLumioTM plasmid via FuGENE® HD reagent. 
The gel bands at (i and ii) and (iii and iv) respectively represents two 
independent biological replicates	(Ooi et al., 2016).   
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4.3.3.2 Assessment of commonly used transfection reagents 

 

In order to evaluate the performance of current commercially available 

transfection reagents, we transiently transfected the HEK-293 cells with the 

ATGORK-EmGFP construct using the standard lipid-mediated transfection 

reagents, Lipofectamine® 2000, Lipofectamine® 3000 and non-liposomal 

FuGENE® HD formulation in a “reverse” format (see Section 4.2.5 for definition). 

Lipofectamine® 3000 consistently outperform Lipofectamine® 2000 and FuGENE® 

HD in transfection efficiency, achieving approximately a 70 % transfection rate 

with ATGORK-EmGFP in comparison to the other two reagents which achieved a 

rate of about 50 % (Figures 4.7a and 4.7b). The transfected cells exhibit an 

intensity of green fluorescence that corresponds to the expression levels of 

ATGORK-EmGFP and is consistently higher when transfected using the 

Lipofectamine® 3000 or FuGENE® HD as compared to the Lipofectamine® 2000 

(Figure 4.7c). This suggests that while FuGENE® HD yields lower transfection 

efficiency than Lipofectamine® 3000, the protein expression level is comparable 

to that of Lipofectamine® 3000. 

 

We observed a marked decline in transfection efficiency when the reagents are 

left at room temperature for prolonged periods of time. We note that the 

Lipofectamine® and FuGENE® HD formulations should be stored at 4 ºC and 

should be used immediately after the reagents have been equilibrated to room 
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temperature. Furthermore, it is important to incubate these transfection reagents 

for the durations and at conditions recommended by their respective 

manufacturers prior to addition to cells (Table 4.1). We also noted that these 

incubation times and conditions should be adhered to as strictly as possible since 

prolonged incubation times decrease transfection efficiencies. Our results 

suggest that Lipofectamine® 3000 outperforms Lipofectamine® 2000 and 

FuGENE® HD in transfection efficiency and/or protein expression	 (Ooi et al., 

2016), which is consistent with the claims of the manufacturer who reported it for 

HEK-293, HeLa, LNCaP, HepG2, and A549 cell lines, the superiority of 

Lipofectamine® 3000. 
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Figure 4.7 Comparison of different transfection reagents on the transfection and 
expression efficiencies of ATGORK-EmGFP in HEK-293 cells. HEK-293 cells 
transfected with ATGORK-EmGFP were used to examine the performance of 
different transfection reagents in a “reverse” format (See Section 4.2.5 for 
description). In general, Lipofectamine® 3000 outperforms Lipofectamine® 2000 
and FuGENE® HD in both transfection efficiency (a and b) and protein expression 
(c). Lipofectamine® 2000 and FuGENE® HD have comparable transfection 
efficiencies but lower than that of Lipofectamine® 3000. FuGENE® HD seems to 
yield protein expression levels comparable to that of Lipofectamine 3000. A 
typical 20 x HEK cell image contains 2,560 x 1,920 pixels and is converted to an 
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8-bit byte image that on a scale of 0 – 255 using ImageJ (Schneider et al., 
2012a). The lower limit cut-off that represents appreciable and above background 
fluorescence, was set at 10 pixels for biological replicate 1 but 40 pixels for 
replicates 2 and 3. Transfection efficiency and protein expression of more than 
200 cells in each viewing area were analyzed	(Ooi et al., 2016). 

 

4.3.3.3 Comparison of different transfection protocols 

 

The three transfection protocols, “standard”, “reverse” and “double” (see Section 

4.2.5 for definition), were also evaluated for their transfection and expression 

efficiencies of ATGORK channel in 239FT cells using the Vivid ColorsTM 

pcDNATM6.2/EmGFP-DEST Gateway® plasmid and Lipofectamine® 3000 

reagent. The “reverse” and “double” transfections have similar transfection 

efficiencies and protein expressions levels (Figure 4.8). Their transfection 

efficiency of around 60 % is lower than that achieved with the “standard” 

transfection (80 %) in two of the three biological replicates (Figures 4.8a and 

4.8b) while only in one of three biological replicates, the “standard” transfection 

had higher protein expression as deduced from the fluorescence intensities 

(Figure 4.8c). 

 

The “standard” transfection protocol while resulting in better transfection 

efficiency, requires one additional day as compared to the “reverse” transfection 

because the cells are seeded overnight before the addition of Lipofectamine® 

3000 reagent and the ATGORK-EmGFP plasmid. Since the cells are allowed to 

grow for an additional day in the “standard” transfection method, more cells are 
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clumped together and this may complicate single-cell selection for patch-clamp 

studies. These factors, such as the transfection efficiency, time and cell 

morphology should be considered case-by-case basis depending on the intended 

application. As for the transfection of membrane proteins or ion channels in HEK-

293 cells, we recommend the “reverse” transfection protocol starting with a seed 

number of approximately 250,000 cells in a total volume of 2 mL	 (Ooi et al., 

2016). The “double” transfection protocol may be useful for the transfection of 

large plasmids (>10 kb) or choice of cell lines that usually have low transfection 

efficiency in single transfection. However, we noted that in the transfection of 

HEK-293 cells with ATGORK-EmGFP, the efficiency did not improve with the 

double transfection protocol since an optimal uptake of plasmids may already 

have been achieved in single transfection.  
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Figure 4.8 Effect of different transfection methods on the transfection and expression 
efficiencies of ATGORK-EmGFP in HEK-293 cells. HEK-293 cells transfected 
with ATGORK-EmGFP were used to examine the performance of different 
transfection methods: “standard”, “reverse” and “double” (See Section 4.2.5 for 
definition) using the Lipofectamine® 3000 reagent. The “standard” transfection 
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method outperforms both the “reverse” and “double” transfection format 
respectively in 2 out of 3 biological repeats in terms of transfection efficiency (a 
and b). The “standard” transfection protocol yields higher protein expression 
levels in only 1 biological replicate but yield comparable expression levels to the 
other transfection methods in replicates 2 and 3 (c). A typical 20 x HEK cell 
image contains 2,560 x 1,920 pixels and is converted to an 8-bit byte image that 
is on a scale of 0 – 255 using ImageJ. The lower limit cut-off representing 
appreciable and above background fluorescence, was set at 10 pixels. 
Transfection efficiency and protein expression of more than 100 cells in each 
viewing field were analyzed	(Ooi et al., 2016). 

 

4.3.3.4 An optimized protocol for the expression of ATGORK in HEK-293 

cells for current-voltage measurements 

 

Here, we have described an optimized protocol, detailing experimental 

parameters (Table 4.3) that serves as a guide for the transient transfection and 

high expression of ATGORK channel in HEK-293 cells for single-cell applications 

such as electrophysiological characterization and describe the experimental 

workflow (Figure 4.10). We demonstrate that the use of a GFP-fused expression 

construct, Vivid ColorsTM pcDNATM6.2/EmGFP-DEST Gateway® vector at 2.5 µg 

using Lipofectamine® 3000 reagent in a “reverse” format yields a high 

transfection efficiency, protein expression level as well as optimal detection of 

ATGORK channels in HEK-293 cells	(Ooi et al., 2016).  
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Table 4.3  Experimental considerations for the expression of ATGORK channel in 
HEK-293 cells 

Parameters  Recommendation Comments 

Plasmid and label 

Vivid ColorsTM 
pcDNATM6.2/EmGFP-
DEST Gateway® 

vector 

EmGFP improves expression of ATGORK 
and reduces background noise signal 
(Martin et al., 2005) 

Codon optimization 

GeneOptimizer® 
software by 
ThermoFisher 
Scientific 

Maximizes the expression of ATGORK gene 
in the mammalian expression system 

Amount of plasmid  2.5 µg 
Higher plasmid amount did not significantly 
improve transfection efficiency and may be 
toxic to cells (Figure 4.9) (Lin et al., 2015)  

Amount of cells 2.5 x 105 cells/ 2 mL Suitable seed amount to achieve well-
spaced single cells 

Transfection reagent Lipofectamine® 3000 Lipofectamine® 3000 outperforms 
Lipofectamine® 2000 and FuGENE® HD 

Coating of cover slip Overnight coating with 
Poly-D-lysine 

Poly-D-lysine is preferred over poly-L-lysine 
because poly-D-lysine is not digestible 

Transfection protocol “Reverse” 

“Reverse” transfection protocol saves one 
additional day and is generally preferred for 
single-cell applications as compared to the 
“standard” transfection 

Detection GFP fluorescence Requires fluorescence microscopy with 
fluorescence GFP filters 
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Figure 4.9 Comparison of different amounts of ATGORK-cLumioTM plasmid for 
transfection. Percentage of transfection efficiency with varying amount of 
ATGORK-cLumioTM expression vector in HEK-293 cells. Cells were transiently 
transfected with different amount of plasmid (0.5, 1, 2, and 5 μg) using FuGENE® 
HD reagent in a “reverse” format (see Section 4.2.5 for definition). Error bars 
represent standard error mean of two technical replicates	(Ooi et al., 2016).  
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Figure 4.10 Experimental workflow for heterologous expression of ATGORK in HEK-
293 cells for electrophysiological characterizations. An overview of step-by-
step procedure for heterologous expression of ATGORK in HEK-293 cells via 
transient transfection for biological characterization in particular for 
electrophysiology	(Ooi et al., 2016).  
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4.3.4 ABA directly modulates the conductance of ATGORK channel 

 

We generated ATGORK-EmGFP construct by cloning the full length ATGORK 

(AT5G37500) into Vivid ColorsTM pcDNATM6.2/EmGFP-DEST Gateway® vector 

for transient expression in HEK-293 cells, after which the expression and 

functionality of the ATGORK-EmGFP were assessed. To validate the 

functionality of the channel activity of ATGORK, we selected single green 

fluorescent cells for current-voltage measurements and show that the typical 

transmembrane whole-cell current recordings of ATGORK (IGORK) were obtained 

(Figure 4.11). Current-voltage relationship (from +120 to -80 mV in -20 mV 

increments) profiles were generated from the recorded IGORK (Figure 4.11c(ii)). 

We also measured currents for non-transfected, single HEK-293 cells (Figure 

4.11b). These intrinsic currents were shown to be a mixed population of outward-

rectifying K+-channel endogenous to the HEK-293 cell (Jiang et al., 2002). 

Though, they are easily recognizable, as they tend to show fast activation and 

relatively slower inactivation kinetics upon depolarization. On the other hand, 

whole-cell current-voltage recordings (IGORK) of the HEK-293 cells transfected 

with ATGORK-EmGFP (Figure 4.11c) show that ATGORK channel is activated 

with distinctive kinetics, which is a typical sigmoidal profile resembling the guard 

cell delayed outward-rectifier currents (Figure 4.12b). This is consistent with 

previous functional analyses of known delayed outwardly-rectifying K+-current 

recorded from either the Arabidopsis thaliana guard cell protoplasts or from 
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oocytes of Xenopus laevis expressing ATGORK (Ache et al., 2000, Hosy et al., 

2003). One can therefore easily distinguish the true voltage and time-dependent 

activated IGORK from other native currents (Figures 4.11b and 4.11c).  

 

A similar ABA-modulated conductance of K+-channels is observed when 

ATGORK is heterologously expressed in HEK-293 cells (Figure 4.12). We 

observed a statistically significant increase of IGORK magnitude (2.39-fold at V = 

+60 mV; P = 0.003) in response to the natural (±)-ABA stereoisomer (50 μM) 

(Figure 4.12b) while the biologically less active (−)-isomer at similar 

concentration showed a much-reduced effect (only 1.39-fold at V = 60 mV; P = 

0.2; Figure 4.12d). This is consistent with our measurements of the ABA-

mediated K+-channel activation observed in excised patches from Vicia faba 

guard cell protoplasts (Figure 4.4). 

 

To further probe the effect of ABA on GORK, we performed site-directed 

mutagenesis on the presumptive ABA-interacting site (see Chapter 5) by 

replacing Y562 as well as the polar K559 that can presumably form charge 

interaction with ABA with an alanine residue (K559A and Y562A). This double 

mutation yields a markedly reduced ABA-dependent current activation (1.55-fold 

increase at V = 60 mV; P = 0.16) as compared to the wild-type ATGORK when 

expressed in HEK-293 cells (Figure 4.12c and 4.12e), thus implicating K559 and 

Y562 in ABA-specific regulatory roles essential for channel activation.  
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Furthermore, we have also observed a rapid ABA enhancement of ATGORK 

channel conductance in HEK-239 cells that occurs within the first two to four 

minutes of whole-cell current recordings, indicating a fast ABA signaling 

response essential for driving turgor decrease and ultimately stomatal closure 

(Blatt, 1990, MacRobbie, 1990). We therefore propose that ABA can directly 

modulate GORK channel activity which is highly expressed in guard cells, thus 

positively modulating a fast response mechanism to the on-set of external 

stresses and enabling rapid adjustment of cellular K+ level for stomatal 

movement. This implicates ABA in a novel and direct regulatory role in rapid 

stomatal closure. 
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Figure 4.11 Whole-cell current-voltage measurements of ATGORK-EmGFP in HEK-293  
cells. (a) Bright field and fluorescence images of (i) HEK-293 and (ii) ATGORK-
EmGFP – expressing HEK-293 single cell at 20 x magnification field view (scale 
bar = 20 μm). HEK-293 cells were transfected with 2.5 μg of Vivid ColorsTM 
pcDNATM6.2/EmGFP-DEST Gateway® expression vector containing the ATGORK 
insert using Lipofectamine® 3000 in a “reverse” format (see Section 4.2.5 for 
description). (b) Voltage- and time-dependent (i) and I-V plot (ii) properties of the 
intrinsic K+-channels in HEK-293 cells in response to a series of depolarizing 
square pulse (from a holding potential, HV = -52 mV in 20 mV increments). Inset: 
A current showing the fast activation and relatively slower inactivation kinetics of 
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intrinsic K+ currents upon depolarization. (c) Whole-cell patch-clamp recordings 
(i) and I-V plot (ii) of intrinsic K+- and ATGORK channels currents, starting from 
HV = -52 mV in 20 mV increments in ATGORK-EmGFP – expressing HEK-293 
single cell. Inset: A representative current demonstrating the slowly activating 
outward currents of ATGORK upon depolarization. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12 ABA enhances ATGORK activity in HEK-293 cells. (a) Bright field and 
fluorescence images of ATGORK-EmGFP−expressing HEK-293 cells at 10 x 
magnification field view. Cells were transiently transfected with 2.5 μg of Vivid 
ColorsTM pcDNATM6.2/EmGFP-DEST Gateway® expression vector containing the 
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Arabidopsis thaliana ATGORK (AT5G37500) gene insert using reverse 
transfection via Lipofectamine® 3000. Whole-cell patch-clamp recordings showing 
representative traces of ATGORK (b) and ATGORK/K559A/Y562A mutant (c) 
recorded in HEK-293 cells at Vm = +60 mV in the presence of 50 μM of natural 
(±)-ABA stereoisomer and biologically inactive (−)-ABA isomer respectively and 
absence of ABA (control) at pH 7.30 in the pipette solution (n ≥ 3). (d) 
Corresponding group data showing current-voltage (I-V) relationships deduced 
from recordings of ATGORK, either in control (n = 13), with (±)-ABA (n = 14).  
Inset: Group data I-V for the effect of (−)-ABA on ATGORK magnitude (n = 10). 
(e) Current-voltage (I-V) relationships deduced from a pool of recordings of 
ATGORK/K559A/Y562A mutant heterologously expressed in HEK-293 cells in 
the presence (n = 12) or absence (n = 11) of (±)-ABA. All data are expressed as 
mean ± SEM. Note that all I-V curves were constructed from currents measured 
between two and four minutes after breaking into the whole cell patch 
configuration. ATGORK conductance was measured as the time-dependent 
activated-current. 

 

4.4 Conclusion 

 

In this chapter, the functions and physiological behavior of the ABA-modulated 

current activity of a guard cell outward-rectifying potassium channel (K+
out) were 

investigated using a patch-clamp method. The Arabidopsis thaliana guard cell 

outward-rectifying K+-channel (ATGORK) has been previously shown to be 

essential for stomatal closure by promoting net K+-efflux from guard cells 

(Schroeder et al., 2001). Here, we demonstrate that ABA can directly enhance K+ 

transport through GORK and this constitutes a novel way to close stomata. We 

found that ABA increases the frequency of opening events of a K+-channel and 

the membrane-delimited effect of ABA is most likely on the K+-channel itself from 

the current-voltage recordings of Vicia faba guard cell protoplasts in excised 

outside-out membrane patches. A similar ABA-modulated conductance of K+-

channels is also observed when ATGORK is heterologously expressed in HEK-
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293 cells. In addition, we have also described an optimized protocol that serves 

as a guide for the transient transfection and high expression of ATGORK channel 

in HEK-293 cells for electrophysiological characterization. We demonstrate that 

the use of a GFP-fused expression construct, Vivid ColorsTM 

pcDNATM6.2/EmGFP-DEST Gateway® vector at 2.5 µg using Lipofectamine® 

3000 reagent in a “reverse” format yields a high transfection efficiency, protein 

expression level as well as optimal detection of ATGORK channels in HEK-293 

cells. 

 

In summary, this chapter has provided electrophysiological evidence for the 

ability of ABA to directly modulate ATGORK channel activity, which suggests a 

fast response mechanism to the on-set of external stresses by regulating the 

cellular K+ level for stomatal movement. This implicates ABA in a new micro-

regulatory role required for rapid drought adaptive response pathways. Hence, 

we aim to further characterize the ABA-GORK interaction in the next chapter by 

using different approaches such as computational evaluations of the predicted 

ABA-GORK interaction and in vitro biochemical tests on the ABA-GORK 

candidate molecule that includes site-directed mutants that have been 

recombinantly expressed in E.coli.  
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CHAPTER 5 

 

ATGORK HARBORS A PREDICTED ABA-INTERACTING DOMAIN 

 

5.0 Abstract 

 

This chapter describes the identification and characterization of an abscisic acid 

(ABA)-interacting domain in the Arabidopsis thaliana guard cell outward-rectifying 

K+-channel (ATGORK). Several approaches such as in silico evaluation of the 

ABA-GORK interaction using computational tools, cloning and expression of the 

recombinant ATGORK protein and in vitro immunoassay using an indirect 

enzyme-linked immunosorbent assay (ELISA) were performed in order to 

characterize the predicted ABA-interacting domain in ATGORK. Alignment of 

ATGORK with known PYR/PYL/RCARs ABA receptors revealed that ATGORK 

harbors amino acid residues that are conserved at the latch-like region of the 

ABA-binding sites. The computational assessments of the predicted ABA-

interacting domain in ATGORK channel were performed using homology 

modeling and molecular docking techniques. Modeling pointed to a location of a 

candidate ABA-ATGORK interaction site that was further supported by docking of 

ABA in an orientation deemed favorable for the interaction with ATGORK. 

Subsequently, the coding sequence of ATGORK was cloned and expressed in E. 

coli, and the recombinant ATGORK440-672 protein was affinity purified. In vitro 
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biochemical characterization revealed that the affinity-purified recombinant 

ATGORK440-672 has affinity for ABA in vitro in the presence of 10 nM and 100 pM 

(±)-ABA. The double mutations K559A and Y562A at the predicted ABA-

interacting site in the recombinant ATGORK440-672 protein have reduced affinity 

for ABA in vitro.  

 

5.1 Introduction 

 

Abscisic acid (ABA) is a ubiquitous plant hormone that modulates various 

aspects of plant growth and development and accumulates in response to the 

onset of abiotic and biotic stresses, notably drought (Cutler et al., 2010, 

Raghavendra et al., 2010, Gonzalez-Guzman et al., 2012). ABA elicits plant 

responses through binding to PYRABACTIN RESISTANCE 1 (PYR1)/PYR1-LIKE 

(PYL)/REGULATORY COMPONENTS OF ABA RECEPTORS (RCAR), a family 

of the soluble steroidogenic acute regulatory-related lipid transfer (START) 

proteins, the ABA receptors, which constitute a 14-member family. These 

receptors perceive ABA intracellularly and form ternary complexes that inhibit the 

activity of clade A of protein phosphatase 2C (PP2Cs), the known negative 

regulators of ABA signaling in both seeds and vegetative tissues (Ma et al., 2009, 

Park et al., 2009). ABA receptors exhibit a conserved gate-latch-lock mechanism 

underlying ABA signaling pathway (for review see: Melcher et al., 2009, Santiago 

et al., 2012, Ng et al., 2014). The inactivation of PP2Cs allows activation of 
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downstream targets of the PPC2s, such as the sucrose non-fermenting 1-related 

subfamily 2 (SnRK2) protein kinases (SnRK2.2/D, SnRK2.3/I and 

SnRK2.6/OST1/E), in which these kinases have functional roles in the regulation 

of ABA signaling that includes regulation of transcriptional response to ABA and 

changes in stomatal aperture (Fujii et al., 2009, Fujita et al., 2009, Umezawa et 

al., 2009). Transport of ABA to the guard cells induces the ABA signaling that 

leads to stomatal closure and inhibition of stomatal opening in order to prevent 

transpirational water loss (Daszkowska-Golec and Szarejko, 2013).  

 

Previous genetic evidence revealed that the Arabidopsis thaliana GORK gene 

(AT5G37500) encodes the major voltage-gated outward rectifying potassium 

channel of the guard cell membrane	(Hosy et al., 2003). Activated by membrane 

depolarization (Hosy et al., 2003, Ward et al., 2009), this channel causes the 

efflux of K+ from the guard cells that contribute to stomatal closure (Ache et al., 

2000, Hosy et al., 2003, Sirichandra et al., 2009, Ward et al., 2009). GORK is 

highly expressed in the guard cells and to a lesser degree in root hairs	

(Ivashikina et al., 2001) as evidenced by GUS reporter gene (Pilot et al., 2001) 

and/or quantitative RT-PCR analyses (Ache et al., 2000, Szyroki et al., 2001). 

Furthermore, the expression of GORK is stimulated in response to drought and 

cold stress and the activity is increased by ABA while the KAT1 channel is 

inhibited (Daszkowska-Golec and Szarejko, 2013). This implicates GORK has a 
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crucial role in the regulation of stomatal movements and hence plant 

transpiration, notably during drought stress (Hosy et al., 2003).  

 

We demonstrated that ABA can directly modulate the channel activity of 

ATGORK to promote stomatal closure through a patch clamp study (see Chapter 

4). Here, the ABA-interacting domain in the ATGORK molecule was identified 

using different approaches such as computational evaluations of the predicted 

ABA-ATGORK interaction site and in vitro biochemical tests on the ABA-

ATGORK candidate molecule that includes the site-directed mutants that have 

been recombinantly expressed in E.coli. To evaluate whether the Arabidopsis 

thaliana GORK (AT5G37500) could conceivably interact with ABA, we aligned 

the amino acid sequences of ABA-binding sites of the PYR/PYL/RCARs ABA 

receptor family and GORK and the related stellar K+ outward-rectifier SKOR from 

different plant species. In order to obtain insights into the structural conformations 

of the ABA-interacting domain in ATGORK molecule, computational methods 

such as homology modeling and substrate docking were performed. Based on 

these structural evaluations, key residues that are important for the ABA 

interaction are proposed. The building of the 3D models that are based on known 

crystal structures of a homologous protein in the absence of experimental data 

enables us to obtain structural information about a molecule such as the catalytic 

center characteristics, ligand-binding site and substrate specificity (De Rienzo, 

2000, Jung et al., 2000, Ginalski et al., 2004, Xiang, 2006, Vyas et al., 2012). 
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This technique takes advantage of the structural similarity shared by evolutionary 

related proteins to predict the 3D coordinates of an unknown structure since 

structural conformation of a protein is more conserved than its amino acid 

sequence (Vitkup et al., 2001). The interaction and behavior of small molecules 

in the binding sites of target proteins can be modeled using molecular docking 

techniques (Meng et al., 2011, Yuriev and Ramsland, 2013). This substrate 

docking study provides predictions of the ligand conformation, the position and 

the orientation at the binding sites of the 3D models as well as their 

accompanying binding affinities	 (Morris and Lim-Wilby, 2008). While molecular 

docking is usually applied for structure-based drug design	(Kroemer, 2007), this 

technique when used in tandem with homology modeling can however serve as 

an effective tool for structural assessment of the ABA-GORK interaction.  

 

To further characterize the ABA-GORK interaction in vitro, the coding sequence 

of ATGORK harboring the predicted ABA-interacting domain was cloned and 

expressed in E. coli and affinity purified using the Ni-NTA purification system. 

The Gateway universal cloning technology, which incorporates the bacteriophage 

lambda att sequences	 (Landy, 1989) for site-specific recombination can be 

adopted as the cloning method to provide rapid and highly efficient transfer of the 

ATGORK gene from the entry to destination vectors. The Gateway® pDESTTM17 

6xHis tagged expression vector (InvitrogenTM, ThermoFisher Scientific, Carlsbad, 

CA) is suitable for the expression of recombinant ATGORK in bacterial host as 
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this vector contains a 6 X His-tag and T7 lac promoter upstream of the N-terminal 

of the insertion site which allows for protein purification by immobilized metal 

affinity chromatography (IMAC) system thus taking advantage of the coordinative 

bonding property of transitional metal ions and amino acid such as histidine, 

cysteine and tryptophan (Deutscher, 1990). This plasmid can be transformed into 

the BL21-A1TM One Shot® chemically competent E. coli cells allowing for the 

expression of ATGORK induced by L-arabinose. This bacterial strain has tight T7 

regulation of amBAD promoter upstream of the T7 RNA polymerase gene, thus 

resulting in low basal expression while providing high yields and this is favorable 

for the expression of toxic proteins (Guzman et al., 1995). This chapter also 

describes the cloning, expression as well as purification of the recombinant 

ATGORK protein for in vitro biochemical characterization of the ABA-GORK 

interaction, which we have developed a colorimetric-based enzyme-linked 

immunosorbent assay (ELISA) using the alkaline phosphatase enzyme that 

converts para-nitrophenylphosphate (pNPP) into a yellow para-nitrophenol (pNP) 

product detectable at 405 nm wavelength. 

  



 229 

5.2 Materials and methods 

 

5.2.1 Homology modeling of ABA-ATGORK interaction 

 

The amino acid sequence of full-length Arabidopsis thaliana GORK (AT5G37500) 

was analyzed with BLAST against the protein data bank (PDB) database in order 

to find a suitable template structure for the homology modeling of the ABA-

ATGORK interaction. Recombinant ATGORK440-672 was modeled against the 

crystal structure of an engineered protein OR265 (PDB ID: 4HQD) using Modeller 

(ver. 9.10) software (Sali et al., 1995) based on the energy minimization (mol pdf) 

values, and the DOPE and GAL statistical scores. The ABA interaction site in this 

model was assessed for the presence of any distinct cavity or binding sites, 

which may rationally allow for substrate docking and interactions.  

 

5.2.2 Molecular docking of ABA-ATGORK interaction 

 

ABA docking simulations were performed in silico using the AutoDock Vina (ver. 

1.1.2) software (Trott and Olson, 2010). ABA docking poses and free energy 

were analyzed with PyMOL (ver 1.7.4) (The PyMOL Molecular Graphics System, 

Schrödinger, LLC, NY) based on the predicted free energy of binding and the 

orientation of the bound ligand at the predicted interaction site. ABA docking and 
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interactions with the key residues at the predicted ABA-interacting domain are as 

illustrated on ribbon model. 

 

5.2.3 Bioinformatics and structural analyses of the recombinant 

ATGORK440-672 protein 

 

In addition to homology modeling and docking simulations of ABA-ATGORK 

interaction, information about the secondary structure of recombinant 

ATGORK440-672 such as the distribution of helices, beta sheets and coils was 

obtained by submitting the amino acid sequence of the protein to the PsiPred 

server available at: http://bioinf.cs.ucl.ac.uk/psipred (McGuffin et al., 2000) 

(McGuffin et al., 2000)in which the recombinant ATGORK440-672  secondary 

structure was determined by fold recognition method.  

 

5.2.4 Cloning, transformation and purification of the recombinant 

pDEST17-ATGORK440-672 gene construct 

 

Gene-specific primers (Table 5.1) were designed based on the coding sequence 

of Arabidopsis thaliana ATGORK (accession no: AT5G37500) downloaded from 

TAIR to detect and to amplify the ATGORK440-672 region from Arabidopsis 

thaliana Col-0 cDNA. Using the KAPA Taq PCR kit (KAPA Biosystems, 

Wilmington, MA), PCR amplification was carried out in 20 µL reactions, each 
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containing 1 X KAPATaq reaction buffer (containing 1.5 mM Mg2+ and loading 

dye), 200 μM KAPA dNTP mix, 0.4 μM of each ATGORK forward and reverse 

primers, ~100 ng/μL Col-0 cDNA, and 0.02 U/µL KAPATaq polymerase. The 

reaction tubes were mixed thoroughly and the amplification was carried out under 

the following PCR cycle: Initial denaturation at 95 ºC for 2 min, followed by 35 

cycles, in which each consisting of denaturation at 95 ºC for 30 sec, annealing at 

60 ºC for 45 sec and elongation at 72 ºC for 1 min and 15 sec, and a final 

elongation at 72 ºC for 5 min. The PCR products were analyzed by agarose gel 

electrophoresis. PCR products were resolved in a 1% (w/v) agarose gel made up 

in 1 X TAE buffer (40 mM Tris, 20 mM acetic acid and 1 mM EDTA) containing 

0.16 µg/mL ethidium bromide and ran in the same 1 X TAE buffer. The O’Gene 

Ruler 1 kb ladder (Fermentas, Waltham, MA) was included on the gel to estimate 

the size of the PCR products. DNA gel was visualized using the GelDoc XR 

molecular imager (Bio-Rad Laboratories, Hercules, CA) and images captured 

using the ImageLab software (Bio-Rad Laboratories, Hercules, CA). 

 

The ATGORK440-672 sequence was cloned into the Gateway® pDONR™221 entry 

vector (InvitrogenTM, ThermoFisher Scientific, Carlsbad, CA) and transformed into 

One Shot® MAX Efficiency® DH5α™-T1R competent cells (InvitrogenTM, 

ThermoFisher Scientific, Carlsbad, CA). The plasmid DNA was purified from the 

transformed E. coli cells using the Invitrogen Quick Start Plasmid Miniprep kit 

(InvitrogenTM, ThermoFisher Scientific, Carlsbad, CA) according to the 
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manufacturer’s protocol and quantified by NanoDrop spectrophotometer 

(ThermoFisher Scientific, Marietta, OH) prior sequencing. LR recombination 

reaction between the entry vector and Gateway® pDESTTM17 6xHis tagged 

expression vector (InvitrogenTM, ThermoFisher Scientific, Carlsbad, CA) was 

performed using the Gateway® LR Clonase® II Enzyme Mix (InvitrogenTM, 

ThermoFisher Scientific, Carlsbad, CA) following the manufacturer’s instructions. 

The pDEST17 expression vector containing the ATGORK440-672 insert was 

subsequently transformed into One Shot® MAX Efficiency® DH5α™-T1R 

competent cells, after which the expression construct was isolated and 

sequenced to verify the insert. The expression construct was capillary sequenced 

using the T7 forward and reverse primers (Table 5.1). The sequencing results 

were analyzed using the DNAMAN (version 6.0) software (Lynnon LLC, San 

Ramon, CA) and the sequence quality analyzed using the Sequence Scanner 

(version 1.0) (Applied Biosystems, ThermoFisher Scientific, Carlsbad, CA). The 

forward and reverse sequences were aligned to the full-length ATGORK coding 

sequence downloaded from TAIR and the ATGORK440-672 sequence was 

translated into protein sequence using DNAMAN. The sequence upstream and 

downstream from the ATGORK440-672 insert was also checked for accuracy and 

whether it was in-frame with the att sites, 6 X his-tag and promoter sequences of 

the pDEST17 vector.  
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The correct sequence verified expression construct was then transformed into 

BL21-A1TM One Shot® chemically competent E. coli cells (InvitrogenTM, 

ThermoFisher Scientific, Carlsbad, CA). E. coli BL21-A1TM competent cells were 

thawed on ice for 5 min. Two µL of the pDEST17-ATGORK440-672 plasmid (~100 

ng/mL) was gently added into 25 µL of competent cells and incubated on ice for 

30 min. The cells were then incubated at 42 ºC for 30 sec to perform heat-shock 

and were immediately transferred to ice for a further 2 min. Two hundred and fifty 

µL of pre-warmed super optimal broth (SOC) medium was added into the tubes, 

which were then incubated at 37 ºC for 1 hour with shaking at 225 rpm. A total of 

100 µL culture was then platted on LB agar plates containing 50 µg/mL 

carbenicillin and incubated overnight at 37 ºC. Positive transformants were 

picked into overnight cultures and maintained as glycerol stocks, which are 

stored at -80 ºC. 

 

Table 5.1 Primers and PCR conditions 

Primer Name Sequence (5’ – 3’) Tm (°C) No. of cycle 

Detection of GORK440-672    

GORK440-672 forward GGGGACAAGTTTGTACAAAAAAGCAG
GCTTAGGATCAGAAGAGAGTGTGAC
GTT 

60 35 

GORK440-672 reverse GGGGACCACTTTGTACAAGAAAGCTG
GGTTTACCCTTCAGAAGCCGCGAC 

60 35 

Sequencing    

T7 forward TAATACGACTCACTATAGGG 53.2 

 

 

T7 reverse CTAGTTATTGCTCAGCGGT 54.5  
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5.2.5 Expression and purification of the ATGORK440-672 recombinant 

protein 

 

5.2.5.1 Expression of recombinant ATGORK440-672 in E. coli 

 

E. coli BL21-A1TM competent cells transformed with the pDEST17-ATGORK440-672 

plasmid (see Section 5.2.4) was streaked from glycerol stock onto LB agar 

containing 50 µg/mL carbenicillin. A single colony was inoculated into 5 mL of LB 

broth containing 50 µg/mL carbenicillin and incubated at 37 ºC overnight with 

shaking at 225 rpm. Two overnight cultures (a total of 10 mL of starter culture) 

were transferred into a 500 mL of LB broth containing 50 µg/mL carbenicillin on 

the following day and incubated at 37 ºC with shaking at 225 rpm for 4.5 hours 

until the optical density at 600 nm wavelength (OD600) reaches above 0.6. 

Expression of recombinant GORK440-672 was induced with 0.2% (w/v) L-arabinose 

(Sigma-Aldrich, St. Louis, MO) in E. coli BL21-A1TM cells. The bacterial cells were 

harvested by centrifugation at 3901 X g for 30 min at room temperature using the 

Allegra X-22R centrifuge (Beckman Coulter Inc., Brea, CA) and the pellet was 

stored at -20 ºC until use. 

 

5.2.5.2 Affinity purification of His-tagged proteins 

 

Cells were mechanically lysed in a guanidium lysis buffer (6 M guanidine 

hydrochloride, 20 mM NaH2PO4, 500 mM NaCl and SIGMAFAST protease 
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inhibitor cocktail, pH 7.8) and incubated at room temperature with occasionaly 

shaking for 30 min. The cell lysate was centrifuged at 3901 X g for 30 min at 

room temperature and the supernatant loaded onto a Ni-NTA agarose column for 

affinity purification under denaturing conditions using urea-containing buffers 

(Stempfer et al., 1996; Lindwall et al., 2000). The cell lysate was loaded onto an 

empty PD-10 desalting column (GE Healthcare Bio-Sciences AB, Uppsala, 

Sweden) pre-packed with 1 mL of Ni-NTA agarose beads (Qiagen GmbH, Hilden, 

Germany) to every 5 mL of lysate and equilibrated with 10 mL of lysis buffer. The 

column was washed thrice with 10 mL of wash buffer containing 8 M urea, 20 

mM Na2H2PO4, 500 mM NaCl, 20 mM imidazole and SIGMAFAST protease 

inhibitor cocktail at pH 7.8. The proteins were then eluted with 3 mL of elution 

buffer containing 8 M urea, 20 mM Na2H2PO4, 500 mM NaCl, 250 mM imidazole 

and SIGMAFAST protease inhibitor cocktail at pH 7.8. Eluents at each step of the 

bench-top purification process were collected for analysis by SDS-PAGE. The 

eluted proteins were concentrated to approximately 500 µL by centrifugation at 

3901 X g at room temperature using the 10 kDa cut-off centrifugal filter unit 

(Merck Millipore, Billerica, MA). The concentrated denatured protein obtained 

from the bench-top purification was re-suspended into 12 mL of FPLC 

equilibration buffer containing 7.5 M urea, 20 mM Na2H2PO4, 500 mM NaCl, 100 

mM sucrose, 100 mM non-detergent sulfobetaines (NDSB), 0.05 % (w/v) 

poly(ethylene glycol) (PEG), 2 mM reduced glutathione, 0.2 mM oxidized 

glutathione and SIGMAFAST protease inhibitor cocktail at pH 7.8. 
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Denatured recombinant ATGORK440-672 was re-folded by gradual dilution of urea 

in a linear gradient using an AKTA fast-performance liquid chromatography 

(FPLC) through a pre-packed 1 mL HisTrap HP Ni-NTA column (GE Healthcare, 

Marlborough, MA) (Middelberg, 2002). The column was first equilibrated with 10 

column volumes (1 mL per column) of FPLC equilibration buffer at a rate of 1 mL 

per min, after which the denatured protein was loaded onto the column at a rate 

of 0.2 mL per min. The denatured recombinant ATGORK440-672 that is bound to 

the Ni-NTA beads can gradually assume its native configuration and at the same 

time reduce aggregation by gradual removal of urea (Middelberg, 2002). This can 

be achieved by linearly diluting the equilibration buffer at a rate of 1 mL per min 

over a long gradient length of 50 column volumes (1 mL per column volume) with 

refolding buffer containing 20 mM Na2H2PO4, 500 mM NaCl, 500 mM sucrose, 

100 mM NDSB, 2 mM reduced glutathione, 0.2 mM oxidized glutathione and 

SIGMAFAST protease inhibitor cocktail at pH 7.8 until all urea are completely 

removed. The refolded protein was then washed with 10 column volumes of 

refolding buffer at a flow rate of 1 mL per minute. Recombinant ATGORK440-672 

was eluted in a linear gradient of 20 column volumes (1 mL per column) of elution 

buffer containing 20 mM NaH2PO4, 100 mM NaCl, 100 mM non-detergent 

sulfobetaines (NDSB), 250 mM imidazole, 1 mM reduced glutathione and 0.1 mM 

oxidized glutathione at pH 7.8 at the same flow rate. The protein was stored in 
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the same buffer and subjected to protein determination by Bradford assay, SDS-

PAGE and mass spectrometry.  

 

5.2.5.3 Analyses of purified recombinant ATGORK440-672 

 

The eluted recombinant ATGORK440-672 protein fractions were subsequently 

analyzed and quantified by both Bradford and SDS-PAGE methods as well as 

trypsin-digested for analysis using the mass spectrometer to confirm the identity 

and purity of the protein. Concentrations of recombinant ATGORK440-672 protein 

were estimated by Bradford assay using BSA as a standard (Bradford, 1976). 

The following standards concentrations of 0, 10, 20, 50, 100, 200, 400, 800 and 

1600 µg/mL were prepared by diluting a BSA stock solution of 2 mg/mL with the 

same buffer in which the proteins were stored to a final volume of 20 µL. One mL 

of Quick Start Bradford 1 X dye reagent (Bio-Rad Laboratories, Hercules, CA) 

was added into the BSA standard solution and mixed well prior to immediate 

absorbance measurement at 595 nm (OD595) using a Biophotometer (Eppendorf, 

Hamburg, Germany). The storage buffer was used as the blank. The resulting 

absorbance readings of the corresponding BSA standards were used to plot a 

BSA standard curve, from which a linear equation was determined from the 

trend-line using a Microsoft Office Excel 2010. The optical density (OD595) of 

recombinant ATGORK44—672 protein was measured, after which the protein 

concentrations were estimated from the standard curve.  
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Upon protein quantification by Bradford assay, purified recombinant ATGORK44—

672 proteins were analyzed by SDS-PAGE in a mini protean gel system (Bio-Rad 

Laboratories, Hercules, CA). A 12 % resolving gel solution was prepared from 30 

% of 37:5:1 acrylamide/bis-acrylamide, 1.5 M Tris-HCl at pH 8.8, 20 % (w/v) 

sodium dodecyl sulphate (SDS), 10 % (w/v) ammonium persulfate (APS) and 

0.05 % (v/v) tetramethylethylenediamine (TEMED). A 4 % of stacking gel solution 

was prepared from 30% of 37:5:1 acrylamide/bis-acrylamide, 0.5 M Tris-HCl at 

pH 6.8, 20% (w/v) SDS, 10% (w/v) ammonium persulfate APS and 0.05 % (v/v) 

TEMED. A 1 X sample buffer was prepared from 0.5 M Tris-HCl at pH 6.8, 

glycerol, 20 % (w/v) SDS and 20 mg of bromophenol blue (Sigma-Aldrich, St. 

Loius, MO). A total of 2 % (v/v) of Β-mercaptoethanol was added to the sample 

buffer prior adding to the protein samples at 2:1 ratio and mixed well before 

incubating at 95 ºC for 5 min. The boiled protein samples, PageRuler pre-stained 

protein ladder (ThermoFisher Scientific, Rockford, IL) and controls were loaded 

into the wells of SDS-PAGE gel contained in the electrophoresis tank pre-filled 

with 1X running buffer (25 mM Tris, 192 mM glycine and 1 % (w/v) SDS). The 

running of SDS-PAGE was performed at 120 V for an initial 20 min, before 

increasing to 150 V until the dye front reaches the bottom of the gel. The gels 

were then stained in Coomassie Brilliant Blue R-250 staining solution for 1 hour 

with slight shaking, followed by de-staining in Coomassie Brilliant Blue R-250 de-
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staining solution (Bio-Rad Laboratories, Hercules, CA) until the gel bands 

became apparent and clear. 

 

The identity of the purified protein was also confirmed by mass spectrometry 

analysis. The purified protein samples were digested by trypsin and re-solubilized 

in 5 % (v/v) acetonitrile and 0.1 % (v/v) formic acid. The digested proteins were 

then separated and ran on the Q-Trap mass spectrometry coupled with a liquid-

chromatography (LC) system with a LC gradient of 45 min. The resulting Q-Trap 

data obtained was analyzed on MASCOT (Matrix Science Inc, Boston, MA) and 

the Scaffold software (Proteome Software Inc, Portland, OR) using both the 

Arabidopsis (TAIR10 version) and E. coli (SwissProt version 57.15) databases 

(Huynh et al., 2009). The resulting peptide sequence was analyzed by BLAST to 

confirm the identity, purity and coverage of the protein sample.  

 

5.2.6 Cloning, expression and purification of site-directed atgork mutant 

 

A double GORK440-672/K559A/Y562A mutant was constructed using the 

GeneArtTM Gene Synthesis (ThermoFisher Scientific, Carlsbad, CA), after which 

the fragment was cloned into the Gateway® pDESTTM17 vector and transformed 

into cloning cells. The plasmid DNA was purified and subsequently quantified and 

sequenced to verify the mutagenesis (see Section 5.2.4). Expression and 
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purification of the recombinant GORK mutant was performed using the same 

method (see Section 5.2.5) as that used for GORK440-672. 

 

5.2.7  Immunoassay characterization of ABA-ATGORK interaction 

 

Wells of 96-well plate were coated with affinity purified recombinant ATGORK440-

672 (20 μg/mL), ATGORK440-672/K559A/Y562A mutant (20 μg/mL), ‘Buffer’ and 

bovine serum albumin (BSA) (20 μg/mL) (both ‘Buffer’ and BSA are used as 

controls) respectively in the presence of 10 nM or 100 pM of (±)-ABA at 4 °C 

overnight prior to immunoassay procedures. Interaction between (±)-ABA and 

ATGORK440-672 in vitro was determined using a 1:1000 diluted monoclonal anti-

ABA antibody [MAC252] (Abcam, Cambridge, UK) coupled to an alkaline 

phosphatase (AP)-linked rabbit anti-rat IgG (H+L) secondary antibody at 1:1000 

dilution ratio (Life Technologies, Carlsbad, CA) (Figure 5.1). Wells were blocked 

with BSA (20 μg/mL) at room temperature for 30 minutes prior to antibodies 

incubation at room temperature for 2 hours with washing (performed thrice with 

1X phosphate buffered saline) in between each incubation step. AP converts 

para-nitrophenylphosphate (pNPP) into a yellow para-nitrophenol (pNP) product 

detectable at 405 nm wavelength (Figure 5.1). Absorbance was measured at 

every 5 minutes intervals until 60 minutes. Absorbance values of ABA-treated 

samples were corrected against those without ABA.  
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Figure 5.1 An indirect enzyme-linked immunosorbent assay (ELISA) for 
characterization of ABA-GORK interaction. An in vitro configuration of a 
colorimetric-based ELISA to evaluate whether the predicted ABA-interacting 
domain in recombinant ATGORK440-672 has affinity for ABA using a monoclonal 
anti-ABA antibody [MAC252] coupled to an alkaline phosphatase (AP)-linked 
secondary polyclonal antibody. AP converts para-nitrophenylphosphate (pNPP) 
into a yellow para-nitrophenol (pNP) product detectable at 405 nm (see Section 
5.2.7). 

 

 

5.2.8 Statistical analysis 

 

Statistical analysis was performed using the Student’s t-test with Microsoft Excel 

2010. Significance was set to a threshold of P < 0.05 and n values represent 

number of biological replicates. 

 

5.3 Results and discussion 

 

5.3.1  Building 3D models for recombinant ATGORK440-672 protein 
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To evaluate whether the Arabidopsis thaliana guard cell outward-rectifying K+-

channel (ATGORK; AT5G37500) could conceivably interact with ABA, we aligned 

the amino acid sequences of ABA-binding sites of the PYR/PYL/RCARs ABA 

receptor family and GORK and the related stellar K+ outward-rectifier SKOR from 

different plant species (Figure 5.2a). The alignment shows that the cytosolic 

domain of GORK/SKOR channels harbors conserved residues that are similar to 

those in the latch-like region of ABA-binding sites of the START family of ABA 

receptors (Melcher et al., 2009). These receptors exhibit a conserved gate-latch-

lock mechanism underlying ABA signaling pathway as described (Melcher et al., 

2009). ABA receptors are small soluble proteins found in the cytoplasm and 

nucleus of plant cells. They form a seven-stranded curved β-sheet that forms a 

central cavity resembling that of a folded hand	 (Iyer et al., 2001, Baumann, 

2010). The surface of the cavity also comprises α-helices, which, together with 

the inner side of the β-sheet, constitute the ABA-binding site. Two highly 

conserved β-loops act as a gate and latch to sense ligand entry, which, in the 

absence of ABA (apo form), are in an open conformation that allows ABA to 

access the ligand-binding pocket. Upon ABA binding in a water-filled pocket, the 

β-gate loop closes over the pocket and is latched by another β-loop (closed 

conformation)	 (Melcher et al., 2009). Importantly, this conformational change 

loosens the bonds between the monomers and shifts the equilibrium between the 

dimer and free monomers towards free monomers, which forms a binding site for 

PP2C. The receptor-PP2C interaction occurs near the active site of the 
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phosphatase, resulting in the β-loops covering the PP2C active site, thereby 

inhibiting its activity and a conserved tryptophan in the PP2C inserts directly 

between the gate and latch to further lock the gate of the receptor in a closed 

conformation. Also, this residue enables a water-mediated interaction with ABA, 

which is critical for ligand sensing by the PP2C phosphatase	 (Melcher et al., 

2009). This finding reveals that ABA receptors exhibit a conserved gate-latch-

lock mechanism while act as PP2C inhibitors in an ABA-dependent manner	

(Melcher et al., 2009, Baumann, 2010). 

 

We hypothesize that the predicted region in which ATGORK interacts with ABA 

spans from position D543 to G575, located at the C-terminal downstream of the 

transmembrane segments that coincides with the ankyrin protein-protein 

interaction domain (Figure 5.2b). The large cytoplasmic C-terminal region of the 

channel also harbors a putative cyclic nucleotide-binding domain (CNBD). At the 

end of the C-terminal lies the conserved KHA domain that is enriched in 

hydrophobic and acidic residues. This domain is typical for K+
in channels in plants 

and believed to have a role in protein-protein interactions such as tetramerization 

or stabilization of the heteromers	 (Daram et al., 1997, Ehrhardt et al., 1997, 

Zimmermann et al., 2001).  

 

In order to obtain structural information about the ABA-ATGORK interaction, a 3D 

model of the predicted ABA-interacting domain (from D543 to G575) was 
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constructed using readily available crystal structure as a template (Figure 5.3). 

Only template structure with high sequence similarity to the subject was selected 

for homology modeling to produce a high model accuracy and reliability for 

docking studies. Here, we model the ATGORK molecule (Figure 5.3a) that 

harbors the predicted ABA-interacting domain against the crystal structure of an 

engineered protein OR265 (PDB ID: 4HQD) using Modeller (ver. 9.10)	(Sali et al., 

1995) (see Section 5.2.1). The secondary structure of ATGORK440-672 was 

predicted by a fold recognition method (Figure 5.4) using the PsiPred server 

(McGuffin et al., 2000) (see Section 5.2.3).  
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Figure 5.2 ATGORK harbors a predicted ABA-interacting domain. (a) Prediction of the 
putative ABA-interacting domain was derived from the multiple alignments of 
sequence comparison of two Arabidopsis thaliana ABA-START receptor family 
(PYL8 and PYL10), Glycine soja and Medicago truncatula ABA receptors (PYL9), 
Arabidopsis thaliana GORK (At5g37500) and other GORK and its SKOR (stellar 
K+ outward-rectifier) homolog across different plant species (Tarenaya 
hassleriana, Theobroma cacao, Glycine soja and Morus notabilis). The asterisk 
(*) signified an identical amino acid, the colon (:) stands for a conservative 
replacement and a dot for a semi-conservative replacement (.). (b) Domain 
organization of Arabidopsis thaliana GORK channel, which comprises of a short 
N-terminal sequence, six annotated transmembrane segments (S1-S6; shaded in 
dark green) bearing a pore domain between S5 and S6, and a large cytoplasmic 
C-terminal region (approximately two-thirds of the protein) that includes a cyclic 
nucleotide-binding domain (CNBD; highlighted in orange), the predicted ABA-
interacting domain (D543-G575; shaded in yellow) that coincides with the ankyrin 
protein-protein interaction domain and a conserved KHA domain (HA = 
hydrophobic/acidic; shaded in light green) at the end of the C-terminal. 
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Figure 5.3   3D homology model of the ATGORK protein. (a) The ATGORK protein 
(AT5G37500) harboring the predicted ABA-interacting domain was modeled 
against the crystal structure of an engineered protein OR265 (PDB ID: 4HQD) 
using Modeller (ver. 9.10)	 (Sali et al., 1995). Ribbon representation of the 
predicted ABA-interacting domain (highlighted in magenta) in the full-length 
ATGORK protein (highlighted in green). Yellow stick represents the only 
tryptophan residue in the molecule. (b) The amino acid sequences of 
recombinant ATGORK440-672 molecule that contains the putative ABA-interacting 
domain as highlighted in orange.  
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Figure 5.4  Secondary structure determination of ATGORK440-672 by fold recognition. 
The ATGORK440-672 protein consists of conserved helices (pink barrels) and beta 
sheets (yellow arrows) interlinked by loops (black line). Fold recognition of 
ATGORK440-672 was determined using the PsiPred server (McGuffin et al., 2000). 

 

5.3.2 Evaluation of ABA-ATGORK interaction by docking simulations 

 

To probe possible ABA-GORK interactions, we performed a substrate-docking 

experiment using the previously constructed 3D model (see Section 5.2.2). A 

model of the predicted ABA-interacting domain (D543 to G575) against the 

crystal structure of an engineered protein OR265 (PDB ID: 4HQD) suggests that 

ABA may dock at the putative site with favorable free-energy and ligand pose 

(Figure 5.5). To further probe the effect of ABA on ATGORK, we performed site-

directed mutagenesis on the presumptive ABA-interacting site since the Y562 

residue appears highly conserved (Figure 5.2a) and is within 5 Å of the latch 

residues in the PYL2-ABA complex	 (Melcher et al., 2009). We have therefore 

replaced Y562 as well as the polar K559 that can presumably form charge 

interaction with ABA (Figure 5.5) with an alanine residue (K559A and Y562A). 

These residues are in the region that spans from position D543 to G575 located 

at the cytosolic C-terminal downstream of the transmembrane segments (Figure 

5.2b).  
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Figure 5.5 Assessment of the ABA-ATGORK interaction by molecular docking. Ribbon 
model representation of the recombinant ATGORK440-672 and molecular docking 
of ABA to the predicted ABA-interacting domain. The conserved amino acid 
residues selected for mutagenesis studies are labeled accordingly. ABA docking 
poses and free energy were analyzed with PyMOL (ver. 1.7.4; The PyMOL 
Molecular Graphics System, Schrödinger, LLC, NY). ATGORK440-672 was 
modeled against the crystal structure of an engineered protein OR265 (PDB ID: 
4HQD) using Modeller (ver. 9.10)	 (Sali et al., 1995). ABA docking simulations 
were performed using AutoDock Vina (ver. 1.1.2) (Trott and Olson, 2010). 

 

On its own, the computational methods detailed here are not diagnostic of the 

ABA binding activity as homology modeling and substrate docking techniques 

can only reveal the in silico-based substrate binding and interactions. They 

however lend good support to experimental evidence and more importantly, they 

act as an initial screen to assist in the selection of candidate molecule that 

potentially harbor the ABA-interacting domain for the following in vitro 

biochemical assay. Here, we report that the ATGORK440-672 protein contains the 

predicted region in which ATGORK interacts with ABA. This region spans from 

position D543 to G575, which is located at the cytosolic C-terminal downstream 
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of the transmembrane segments (Figure 5.2b). This candidate molecule can be 

made by molecular cloning methods with the DNA construct expressed in an E. 

coli host system and affinity purified for the following in vitro biochemical test. 

 

5.3.3 Cloning, expression and purification of recombinant ATGORK440-672 

and its site-directed mutant proteins 

 

Here, we cloned the coding sequence of ATGORK harboring the putative ABA-

interacting domain into the Gateway® pDESTTM17 expression vector. The gene 

insert was verified by PCR amplification and sequencing (see Section 5.2.4). A 

PCR product corresponding to the ATGORK expected size of 699 base pair 

(based on TAIR) was visible and the sequencing results confirmed the accurate 

coding sequence (with no mutations) of ATGORK in the pDEST17 plasmid 

(Figure 5.6). The amino acid residues of ATGORK440-672 were verified to be 

correct, which aligned 100 % to the ATGORK (AT5G37500) protein sequence. 

Therefore, ATGORK440-672 was cloned into the pDEST17 vector for recombinant 

protein expression.  
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Figure 5.6 Agarose gel electrophoresis analysis of the ATGORK440-672 clone. L d the 
O’GeneRuler 1 kb DNA ladder mix (Fermentas, Waltham, MA). Lanes 1 and 2 
are the negative control and the amplified ATGORK440-672 PCR product (699 base 
pairs) respectively. 

 

The recombinant ATGORK440-672 was expressed and affinity purified under 

denaturing conditions (see Section 5.2.5) because the recombinant protein was 

insoluble when expressed in E. coli. Also, this protein was predicted to be 

insoluble using the recombinant protein solubility prediction software provided by 

the University of Oklahoma	(Diaz et al., 2010). A pronounced band corresponding 

to the expected recombinant ATGORK440-672 size (~25.72 kDa) was observed in 

the elution fractions of the Ni-NTA affinity purification system (Figure 5.7a) and 

only a small amount of proteins were lost during the washes in bench-top 

purification process. This suggests that the His-tagged recombinant ATGORK440-

672 protein bound strongly to the Ni-NTA beads and addition of the 6x Histidine 

tags upstream of the ATGORK gene slightly increases the size of the protein. 

Elution fractions from the bench-top purification containing the protein were 
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pooled together and concentrated to approximately 500 µL using a 10 kDa cut-off 

centrifugal filter unit before re-suspended into 12 mL of FLPC equilibration buffer 

for the subsequent re-folding using a gradual and linear buffer gradient provided 

by the FPLC machine (see Section 5.2.5.2). The FPLC-refolded recombinant 

ATGORK440-672 proteins were observed on the SDS-PAGE gel (Figure 5.7b). The 

protein concentration of the affinity-purified recombinant ATGORK440-672 was 

estimated using Bradford assay (Figure 5.8) (Bradford, 1976). Further analysis 

by mass spectrometry was performed to confirm the purity of the purified FPLC 

products (Huynh et al., 2009). Therefore, we have cloned and affinity purified the 

cytosolic domain of ATGORK440-672 protein for subsequent in vitro enzyme-linked 

immunosorbent assay (ELISA). A double GORK440-672/K559A/Y562A mutant was 

also expressed and affinity purified using the same method as that used for the 

purification of recombinant ATGORK440-672. 
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Figure 5.7 SDS-PAGE profiles of recombinant ATGORK440-672 purified under 
denaturing conditions. (a) Bench-top protein purification (see Section 5.2.5.2). 
Lanes 1 - 3 represent samples from lysate/supernatant resulting from centrifuged 
cell lysis, pellet resulting from centrifuged cell lysis and flow-through of cell lysate 
loaded onto Ni-NTA column. Lanes 4 - 6 depict samples from the flow-through of 
washes 1, 2 and 3 respectively. Lanes 7 - 16 correspond to samples from the 
collected elution fractions. Lane 17 shows the Ni-NTA beads from the column. (b) 
FPLC-refolded recombinant ATGORK440-672. Lane 1 represents bench-top affinity 
purified protein from the elution fractions that have been pooled together, 
concentrated and re-suspended in 12 mL of FPLC equilibration buffer. Lanes 2 – 
11 are FPLC elution fractions  (F14 – F23) and lane 12 corresponds to the 
affinity-purified recombinant ATGORK440-672 that has been pooled together from 
the FPLC elution fractions. L represents the PageRuler pre-stained protein ladder 
(ThermoFisher Scientific, Rockford, IL). The red arrow indicates band of the 
expected ATGORK440-672 size (~25.72 kDa). A total of 15 µL protein samples 
were loaded into the wells prior to SDS-PAGE analysis (see Section 5.2.5.3). 
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Figure 5.8 BSA standard curve for determination of protein concentration by Bradford 
assay. The standard curve of BSA standards with known concentrations (see 
Section 5.2.5.3) and the concentration of recombinant ATGORK440-672 was 
determined to be 1071 µg/mL based on the generated linear equation: y=0.0007x 
+ 0.2102 (Bradford, 1976). 

 

5.3.4 Recombinant ATGORK440-672 has affinity for ABA in vitro 

 

We have developed a colorimetric-based enzyme-linked immunosorbent assay 

(ELISA) (Figure 5.1) to determine whether the predicted ABA-interacting site has 

affinity for ABA in vitro (see Section 5.2.7). When para-nitrophenylphosphate 

(pNPP) substrate was added to the reaction assay, the alkaline phosphatase 

converts the substrate into a soluble yellow para-nitrophenol (pNP) product 

detectable at 405 nm. The advantage of using this substrate is that it can be 

allowed to develop for extended periods to obtain a corresponding increase in 

sensitivity, in which p-NPP has a slow reaction rate that takes approximately 30 

to 60 minutes to reach optimal color development	(Chaudhuri et al., 2013). We 
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noted a signal that developed steadily in a linear manner over time and achieving 

saturation after 45 min of incubation for recombinant ATGORK440-672 (20 μg/mL) 

in the presence of 10 nM (±)-ABA (Figure 5.9a). The signal generated is 

proportional to the amount of ABA bounded to ATGORK440-672 protein. We also 

obtained a similar ABA-GORK interaction with a 100-fold lower ABA 

concentration (Figure 5.9b). In contrast, this interaction is attenuated at both ABA 

concentrations in the recombinant GORK440-672/K559A/Y562A mutant (Figure 

5.9c), which is concordant with our whole-cell current-voltage measurement 

results in HEK-293 cells in previous Chapter 4.   

 

The discovery of the ABA-START receptors allows us to estimate the ABA-

interaction site within ATGORK and we showed that mutations at K559A and 

Y562A in this domain have resulted in attenuated ABA-dependent activation of 

ATGORK channel activity (see Chapter 4) as well as reduced ABA affinity in vitro 

(Figure 5.9c). While these results are consistent with the idea that ABA interacts 

with these two conserved residues and that this interaction modulates ATGORK 

channel conductance, it is also conceivable that the ABA-interacting site in 

ATGORK encompasses a larger region than the predicted site (from D543 to 

G575) that closely resembles the ‘latch’ region of the ABA-START receptors 

(Melcher et al., 2009). Given that the structural feature of ATGORK is different 

from that of the canonical ABA receptors, it is conceivable that ATGORK harbors 

unique structural scaffolds that may require dimerization with multiple ATGORK 
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subunits in order to accommodate ABA at this ankyrin-rich region which has also 

been previously shown to be involved in GORK gating and regulation (Eisenach 

et al., 2014, Lefoulon et al., 2016).  
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Figure 5.9 Immunoassay characterization of ABA-ATGORK interaction. (a) In vitro 
interaction between ABA and the predicted ABA-interacting domain in the C-
terminal cytosolic region of ATGORK440-672 assessed with colorimetric-based 
enzyme-linked immunosorbent assay (ELISA) with a monoclonal anti-ABA 
antibody [MAC252] that is coupled to an alkaline phosphatase (AP)-linked 
secondary polyclonal antibody. Wells of 96-well plate were coated overnight at 
4°C with 20 μg/mL of affinity purified recombinant GORK440-672, ‘Buffer’ and 20 
μg/mL of bovine serum albumin (BSA) (control) respectively in the presence of 
10 nM of (±)-ABA prior to immunoassay procedures. Absorbance is measured at 
405 nm at every 5-minute interval (see Section 5.2.7). (b) Absorbance 
measurement at 405 nm at 60 minutes at 10 nM and 100 pM of (±)-ABA 
respectively (n = 3). a = P < 0.05; b,c = P < 0.005 and d = P < 0.0005. (c) 
Relative absorbance (%) for recombinant ATGORK440-672 and ATGORK440-

672/K559A/Y562A mutant in the presence of 10 nM and 100 pM (±)-ABA (n = 3). a 
= P < 0.005 and b = P < 0.0005. All data are expressed as mean ± SEM. 

 

5.4 Conclusion 

 

In this study, the ABA-ATGORK interaction was structurally evaluated in silico by 

homology modeling and molecular docking. The cloning and expression of 

recombinant ATGORK and the site-directed atgork mutant was also described in 

this chapter, which these proteins were cloned and affinity-purified under 

denaturing conditions. The recombinant proteins were refolded using a gradual 

and linear refolding buffer gradient provided by the FPLC and the purity of the 

protein was confirmed by mass spectrometry. Both the computational and in vitro 

immunoassay results provide further support with some degree of confidence on 

the proposed ABA-GORK interaction. The ELISA results show that the 

recombinant ATGORK harboring the predicted ABA-interacting site has affinity 

for ABA in vitro. This interaction is attenuated at both ABA concentrations in the 

recombinant GORK440-672/K559A/Y562A mutant, which implicates plausible ABA-

dependent regulatory roles for these two conserved residues (K559 and Y562) in 
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ATGORK channel activity. This is consistent with our prediction of an ABA-

interacting site in GORK. 
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CHAPTER 6 

 

CONCLUSION 

 

In summary, this work has contributed to the understanding of the influence of 

single-wavelength laser light on the growth and development of model plant 

Arabidopsis thaliana (ecotype Col-0). To our knowledge, this is the first report to 

use solely single-wavelength red and blue laser light to grow plants. We have 

designed and developed a prototype laser growth chamber (Figure 2.1) by 

employing the highly energy efficient diode-pumped solid-state (DPSS) lasers 

that generate the red and blue coherent laser beams at 671 nm and 473 nm 

wavelengths respectively in order to characterize the laser-grown plants at 

phenotypical, biochemical and cellular level. We demonstrate that Arabidopsis 

plants grown under the laser light regime consisting of a 9:1 ratio of red:blue 

lasers at an average photon flux density of 90-100 μmol m-2 s-1 can complete a 

full growth cycle from seed to seed (Figures 3.1 and 3.6). The laser-grown plants 

displayed phenotypes resembling those of plants grown under red and blue LEDs 

(Figure 2.5) with delayed flowering time and leaf development as well as reduced 

dry weight and chlorophyll content. Importantly, the plants have lower expression 

of proteins diagnostic for light and radiation stress (Figure 3.9) suggesting that 

the laser light regime may in fact be beneficial for optimal plant growth.  
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Limited by the small size of the growth chamber, the diffuser type, and the 

complexity of DPSS lasers that requires a more rigid construction, our prototype 

at the present is unable to achieve a good homogeneity of light distribution for 

large coverage of plant growth area. Further studies will be centered on the 

development of a new lighting architecture by applying the laser diode technology 

using multiple diode lasers for power scalability to improve the current laser 

lighting system in our prototype. Laser diodes are small size, which offer flexibility 

in lighting architecture and design, durable and are able to operate at higher 

optical output power with ease of operation and manipulation	 (Hu et al., 2007). 

Because laser diodes can be precisely modulated with a greater frequency	

(Davarcioglu, 2010, Wierer et al., 2014), it can be applied for pulsed irradiation 

for plant growth. Pulsed lighting contributes to cost-effectiveness as an 

intermittent illumination system reduces the electricity consumption, hence, 

improves the overall cost and energy-efficiency of the lighting system	(Darko et 

al., 2014, Kanechi, 2016). Incidentally, it was previously shown that the 

photosynthetic efficiency in leaves of tomato (Lycopersicon esculentum Mill., cv. 

VF36) is similar under continuous and pulsed LED illumination at the same 

photon flux density	 (Tennessen et al., 1995). This suggests that the 

photosynthetic apparatus absorb and utilise the pulsed light as efficiently as 

continuous light. However, when the light was delivered in pulses below the 

frequency range of kHz by prolonging the pulse duration to 200 μs or longer (1017 

photons m-2 pulse-1 or greater), the photosynthetic reaction was reduced. This 
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implies that pulses with more than 6 x 1017 mol photons m-2 could not be used as 

efficiently as pulses with less than that amount as there may be a limiting 

threshold/capacitance of amount of photons that can be turned over or stored in 

electron transport components (Tennessen et al., 1995). A recent study has 

demonstrated the improved photosynthetic efficiency of leaves of lettuce 

(Lactuca sativa) grown under pulsed LED illumination at a 50% duty ratio as 

compared to continuous lighting measured under similar photon flux density 

(Kanechi, 2016). Hence the future use of multiple pulsed diode lasers will be 

tested to enable improved power scalability, energy efficiency and to provide a 

good homogeneity of light distribution for plant growth.  

 

The phenotypical, biochemical and proteome data obtained in this study suggest 

that the single-wavelength laser light is suitable for plant growth. Further 

characterization of the laser-grown plants by looking at the photosynthetic 

parameters such as photosynthetic capacity (Amax), photosynthetic rate (Pn), 

stomatal development and behavior such as stomatal density and conductance, 

leaf mass per area (LMA) as well as the nitrogen and carbohydrate content will 

contribute to better understanding of the photosynthetic functioning and the 

physiological state of the plants in response to single-wavelength laser light. 

Since regulation of stomatal aperture is important for photosynthesis and to 

maintain plant water homeostasis, stomatal movements are a major indicator of 

stress responses and ultimately productivity (Kinoshita et al., 2001, Hosy et al., 
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2003). We also observed reduced transpirational water loss of the plants grown 

under the laser light regime (Figure 3.4). Further examination of the regulation of 

stomatal movement, particularly the changes in stomatal aperture in response to 

laser light will help to reveal the functional relationship between stomatal 

conductance and photosynthesis that leads to improved plant water use 

efficiency as well as photosynthesis although a previous study has shown that 

the red light response of stomatal conductance seems to be independent of the 

concurrent photosynthetic rate (Baroli et al., 2008). The reduced transpiration 

rate of the laser-grown plants may be related to the effective control of stomatal 

movement, in which the plant hormone abscisic acid (ABA) and	hydraulic signals 

have been postulated as the main regulators of stomatal closure to maintain plant 

water homeostasis (Tombesi et al., 2015). This may suggest the involvement of 

both the ABA and hydraulic signals in mediating stomatal closure to reduce the 

transpiration rate in response to red and/or blue laser light. Future work relating 

to regulation of stomatal movement in response to laser light in the presence or 

absence of added ABA will help to address the interaction between light-

dependent and ABA-dependent stomatal regulation.  

 

In addition, we demonstrate that ABA can directly modulate a guard cell outward-

rectifying K+-channel (GORK) (Figure 4.12) and this constitutes a novel way to 

regulate stomatal closure. Arabidopsis thaliana GORK has been previously 

shown to be essential for stomatal closure by promoting net K+-efflux from guard 
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cells (Schroeder et al., 2001). In this study, we have also described an optimized 

protocol (Table 4.3 and Figure 4.10) that serves as a guide for the transient 

transfection and high expression of ATGORK channel in HEK-293 cells for 

electrophysiological characterization. The computational assessments using 

homology modeling and molecular docking techniques and the in vitro 

biochemical characterization revealed that ATGORK harbors a predicted ABA-

interacting domain. The predicted region in which ATGORK interacts with ABA 

spans from position D543 to G575 and contains amino acid residues (Y562 and 

K559) (Figure 5.5) that are conserved at the latch-like region of the ABA-binding 

sites of the START family of ABA receptors (Melcher et al., 2009). Based on the 

electrophysiological and in vitro data gathered in this study and with reference to 

information from the literature, a hypothetical model detailing the biological 

implications of ABA on GORK in stomatal closure was presented in Figure 6.1. 

We propose a new direct role of ABA in a rapid adaptive response pathway, 

notably during drought stress in which ABA directly modulates the ATGORK 

channel activity and hence the K+ levels to regulate the stomatal aperture and 

finally transpiration. Further in vivo work on both wild-type and mutant plants may 

confirm the ABA-GORK interaction and importantly, reveal the ability of ABA to 

directly modulate the K+ conductance of ATGORK and the consequent 

physiological responses in planta. 
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In summary, the fundamental biological data obtained from this study will provide 

a basis for further optimization of laser technologies to be harnessed for highly 

energy-efficient plant cultivation. This study also advances the understanding of 

the role of ABA in regulation of ion channels in respond to environmental 

constraints such as light, water and salinity. The broader long-term goal is to 

translate this laser technology into a vertical horticulture setting for large-scale 

plant factories to drive highly energy-efficient and sustainable plant production, 

thereby addressing at least to a certain degree, global food security issues. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1 A model of the role of ABA-dependent activation of GORK in stomatal 
closure. This hypothetical model proposes a fast ABA signalling response in 
driving stomatal closure by directly activating the GORK channel activity to 
promote net efflux of K+ from the guard cells in the event of stress conditions 
such as drought.  
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