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 Abbreviations 

 

At   Arabidopsis thaliana 

CD  circular dichroism 

CPL  circular polarized light 

Cry  cryptochrome 

FMN  flavin mononucleotide 

LOV  light, oxygen voltage-sensing domain 

LPL  linearly polarized light 

L-CPL  left-handed circular polarized light 

PCB  phycocyanobilin  

Pfr  far-red light-absorbing form 

Phot  phototropin 

Phy  phytochrome 

phyA  phytochrome A 

phyB  phytochrome B 

Pr  red light-absorbing form 

P B  phytochromobilin  

R-CPL  right-handed circular polarized light 

UV  ultraviolet 

Vis  visible 
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1.1 General Introduction 

Light, especially sunlight, is a fundamental energy source. Plants utilize sunlight to 

synthesize carbohydrates through the process of photosynthesis. Most natural light is 

unpolarized, as it consists of mixtures of randomly polarized light, whereas polarized light, such 

as linearly polarized light (LPL) and circularly polarized light (CPL) can be generated 

artificially by polarizers. Polarized light is useful for spectroscopic studies analyzing the 

structure of chiral materials1. The plane of LPL is rotated to the left or right by passing through 

chiral materials, such as amino acids and carbohydrates, depending on their chirality, also 

known as optical activity2.  

The differential absorption of left- (L-CPL) and right- (R-CPL) CPL is defined as circular 

dichroism3 (CD). These spectroscopic features provide essential information to determine the 

stereochemical structures of these compounds, including their absolute configurations, which 

are difficult to determine by other methods. To date, most chiroptical spectroscopic studies have 

been performed at the molecular level4. Many biopolymers in organisms contain optically active 

molecules, such as L-amino acids and D-glucose, which absorb L-CPL and R-CPL unequally. 

CD is an established spectroscopic method used to analyze the secondary structure of proteins5  

and DNA5. Furthermore, complexes of biopolymers, such as arthropod cuticles, plant cell walls 

and human compact bone osteon, form cholesteric liquid crystals and scatter CPL6. Studies have 

suggested that communications in the scarab beetle Chrysina gloriosa involve CPL reflection7, 

and several types of crustaceans, including stomatopods8, sapphirinidae copepods9 and mantis 

shrimp10, have been reported to recognize CPL. Plant tissues that reflect CPL include Pollia 

fruit11, leaves of the herb Mapania caudate12 and starch granules from Solanum tuberosum13. CPL 

reflection has also been used to analyze the fibrillar structure of bone14. 

In plants, granal chloroplasts show CD in a red light-absorbing region of chlorophyll, with 

circularly polarized chlorophyll luminescence used to measure chiral macroaggregates of light-

harvesting chlorophyll-protein complexes in chloroplasts15. CPL was also shown to have net 

photosynthetic activity and to be involved in the synthesis of chlorophyll  in the unicellular 

marine flagellate, Dunaliella euchlora. R-CPL showed greater activity than L-CPL, suggesting that 

the receptor pigments responsible for these phenomena sense CD16. To date, however, only one 

study has reported that CPL had a differential effect on plant growth. In that study, L-CPL 

induced faster growth of the shoots of lentil and pea plants than R-CPL although the CPL did 



 

not change significantly after penetration through the outer layer cells of leaves and stems17. 

Thus, the effect of CPL on plant growth is poorly understood. 

In addition to photosynthesis, physiological responses of plants to light are regulated by 

photoreceptors. Immobile, photosynthetic plants must adapt precisely to their environmental 

conditions, including light. Plants have various photoreceptors that receive light signals over a 

wide spectrum, ranging far-red to ultraviolet B light18. These receptors include phytochrome; 

two blue light receptors, cryptochrome (cry) and phototropin (phot); and UV-B resistance 8 

(UVR-8). 

Phytochrome B (phyB) is a photochromic receptor interconvertible between its red light-

absorbing form (Pr) and its far-red light-absorbing form (Pfr) following exposure to red and 

far-red light, respectively19. Phytochrome B (phyB) has been reported to regulate the 

germination20 and hypocotyl elongation21 of Arabidopsis, suggesting that differences in the 

responses of these plants to R- and L-CPL may be due to the chiral structure of phyB and its 

different photoreaction to R- and L-CPL.  

The present study evaluated the effects of CPL on the growth of Arabidopsis and lettuce 

plants, including effects on germination, hypocotyl elongation and biomass production. To 

determine the molecular basis of CPL perception, the CD spectrum and the effect of CPL on 

photoconversion were measured with the sensory module of Arabidopsis phyB, which binds 

phycocyanobilin (PCB) rather than the native chromophore phytochromobilin (PΦB). These 

findings showed that phyB, along with other photoreceptors and photosynthesis, is involved in 

the effects of CPL on plant physiological responses. 

 

 

 

 

 

  



 

1.2 The outline of this dissertation 

In chapter 2 shows L-CPL and R-CPL have different effects on the germination of Arabidopsis 

and lettuce seeds. Depending on red light intensity and duration of  light illumination  studies 

by circular polarized lights for indicating that the Phy B molecules responsible for the seed 

germination are able to sense the chirality of red light. 

 

In chapter 3 hypocotyl elongation of two different species of photoinhibition by L-CPL and R-

CPL and their hypocotyl lengths were quantified using ImageJ computer software. 

Photoinhibition of hypocotyl elongation of red light perception compared with wild type of 

seed and mutant type of seeds described. 

 

In chapter 4, effects of white circular polarized lights on biomass production by Arabidopsis, 

with biomass is defined as the average fresh weight of an above-ground part of an adult plant, 

found that the average tissue weights L- and R-CPL. To assess the effects of light, Arabidopsis 

was cultured under red, green or blue CPL, although the total fluence of these CPLs differed. 

 

Chapter 5 shows determination of involvement of phyB in the observed effects of CPL, UV-

visible (UV-Vis) absorption spectra of a PCB-bound sensory module of Arabidopsis phyB, 

AtphyB-N651, were measured in Pr and a photostationary state between Pr and Pfr induced by 

saturating with red light illumination 
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Chapter 2.  

 

Germination 

 

 

 

 

 

 

 

 

  



 

2.1 Introduction 

Light is an important environmental factor controlling plant growth and development. Not only 

does light provide energy for photosynthesis, but plant growth patterns and a large number of 

plant developmental events, such as formation of leaf primordia, plastid development, and 

induction of flowering, are also responsive to light cues1.  

Physiological experiments suggest that two major plant regulatory photoreceptor systems are 

active in perception of light cues: one system sensing shorter wavelength blue and UV-A light, 

and the second sensing predominantly longer wavelength red/far red light2. Light responses that 

are known to be mediated by phytochromes include germination, chloroplast development, leaf 

expansion, regulation of gene expression, inhibition of cell elongation, and photoperiodic control 

of flowering3.  

The photoinduction of seed germination examined in 1935, found that continuous irradiation 

with light of 580-700 nm was effective in inducing germination of lettuce seeds4 (fig. 1). In 1952, 

reported the determination of effect of brief exposures to red and far-red light in lettuce seeds, 

and discovered the red/far-red photoreversible response5, that measured the action spectra for 

promotion and inhibition of germination, finding the maximum sensitivity for promotion in the 

region of 640-670 nm and that for inhibition in 720-750 nm.  

 

Figure 1. Lettuce seed germination is a typical photo-reversible response controlled by phytochrome. L. Taiz, 

E. Zeiger, Plant physiology, fifth edition, Sinauer Assocites, Inc., 495 (2010) 



 

Very similar action spectra for photoreversible regulation of seed germination were determined 

in Arabidopsis thaliana of the wild-type6 (wt) and long-hypocotyl mutants7. Shinomura report, 

using the Arabidopsis phyA and phyB mutants, that red/far-red reversible induction of seed 

germination is principally regulated by PhyB, but not by PhyA, and that the phyB mutant seeds 

became sensitive to red light after dark incubation for 48 hr, then clearly  demonstrated that 

PhyA photoirreversibly triggers the germination upon irradiations with ultraviolet, visible and 

farred light of very low fluence, while PhyB controls the photoreversible effects of low fluence8 

(fig. 2). 

Figure 2. Effects of incubation time and photon fluence of red light on seed germination. (A) Light regime 

of the experiment. Black bars, incubation period on aqueous agar plates in darkness at 25 + 1°C white 

bars with arrows, pretreatments with far-red light (FR) and exposures to 667 nm light; 0 and 0, 

germination rates of seeds that were kept in darkness for 3 and 48 hr, respectively. (B-D) 

Fluenceresponse relationships for the wt (B), the phyA mutant (C), and the phyB mutant (D) seeds. 



 

2.2 Experimental section 

2.2.1 Materials 

Plant materials 

Seeds of Arabidopsis (Arabidopsis thaliana: At) wild type (ecotype Columbia-0) were the kind 

gifts of Prof. Akira Nagatani at Kyoto University. Lettuce seeds (Lactuca sativa L.) were 

purchased from Sakata Seed Corporation (Yokohama, Japan). Surface-sterilized seeds were 

placed on filter paper soaked with water or Murashige and Skoog (MS) medium supplemented 

with 2% (W/V) sucrose (Germination Inducible Medium: GIM) in a Petri dish. The seeds were 

incubated in the dark at 4ºC for 48 h to synchronize germination. The detailed growth 

conditions are shown in each section. 

2.2.2 General methods, Instrumentation and measurements 

Germination assay 

Arabidopsis seeds (60–200 grains) were placed on water-soaked filter paper in Pertri dishes. 

After incubation at 4ºC for 48 h in the dark, the seeds were irradiated with red L- or R-CPL 

(1.02 µmol/m2/s) for 10 min at 22ºC and kept in the dark for 3 days at 22ºC. Lettuce seeds were 

treated similarly, except that the intensity of irradiated light was 0.36 µmol/m2/s. Germinated 

seeds were counted, and germination rates were calculated and compared by Student's t-tests 

(fig. 3). 

 

 

Figure 3.  germination experimental scheme.  



 

Light condition in growth chamber 

Plants were cultured in LED plant growth chambers (LH-70LED-DT, Nippon Medical & 

Chemical Instruments Co., Ltd., Japan), containingthree monochromatic LEDs (red LED, λmax 

= 660 nm; green LED, λmax = 525 nm; and blue, LED λmax = 450 nm). CPL was generated by 

filtering the LED light through circularly polarizing filters (Polarization Control Film, Fujifilm 

Corporation, Japan). Each filter consisted of a linear polarization plate and a quarter wavelength 

plate (fig. 3). The chiroptical purity of L- and R-CPL was examined by a Haze meter 

(NDH2000, Nippon Denshoku Industries Co., LTD., Japan) (fig. 6); negligible differences in 

intensity and purity were observed between L- and R-CPL. The inner walls of the chamber were 

covered with black paper to avoid reflection of light (fig. 4). In this study, the term “white light” 

indicates the mixture of red, green and blue light supplied by the three LEDs in the growth 

chamber. Monochromatic light was generated by turning on only the red, green or blue LED. 

The humidity of the chamber was set at 50%. 

 

 

 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. artificial LED weather machine LH-70LED-DT. 

 

 

 

 

Figure 5. simple method to create CPL for plant cultivation 

 

LED weather machine LH-70LED-DT Inner side filled by black paper 

Irradiation of red, green and blue lights 
       photon:10.8                       photon: 0.05                        photon: 0.02 

       (μmol/m2/s)                       (μmol/m2/s)                         (μmol/m2/s) 



 

 

 

Figure 6. Emission spectra of LED light in the growth chamber with a R-CPL (A) and L-CPL (B) 

polarizing filters. The spectra indicate R-CPL (green), L-CPL (purple) and total light (dark blue). 

 

  



 

4.3 Results and discussions 

Effect of red CPL on germination of Arabidopsis and lettuce seeds 

To our knowledge, this study is the first to show that L-CPL and R-CPL have different effects on the 

germination of Arabidopsis and lettuce seeds. The germination rates of Arabidopsis seeds in the 

presence of L- and R-CPL were 58.4% and 68.2%, respectively, indicating that R-CPL was 

more effective than L-CPL in the red light-absorbing region (Figure 7A).  

 

 

Figure 7. Effect of red CPL on germination of Arabidopsis (A) and Lettuce (B). 

Cold-treated seeds were irradiated with red L- or R-CPL (L or R, respectively) for 10 min at 1.02 

µmol/m2/s (A) and 0.36 µmol/m2/s (B) at 22ºC. After 3 days incubation in the dark at 22ºC, germinated 

seeds was counted and germination rate was calculated. *t-test P < 0.05 (left and right)., error bar = 



 

S.D., n = 10. 

 

Similarly, the germination rates of lettuce seeds in the presence of L- and R-CPL were 50.7% and 

59.9%, respectively (Figure 1B). Calculations showed that the germination rates of Arabidopsis 

and lettuce were 1.17- and 1.18-fold greater, respectively under R- than L-CPL. 

Light-induced germination of Arabidopsis seeds has been reported mediated by phyA and phyB, 

depending on the intensity and duration of light illumination. PhyA mediates seed germination 

induced by red light of intensity 1–100 nmol/m2/s and far-red light of intnsity 0.5–10 µmol/m2/s, 

both applied after incubation in the dark for 48 h. Red light-induced germination could not be 

reversed by subsequent far-red light illumination8, a phenomenon called the very low fluence 

response9 (VLFR). In contrast, phyB mediates seed germination induced only by red light of 

intensity 10–1,000 µmol/m2/s applied after incubation in the dark for 3 h and could be reversed 

by subsequent illumination with far-red light8, a phenomenon called . the low fluence response10 

(LFR). Based on the intensity and timing of the light illumination, germination in the present 

study corresponds to LFR mediated by phyB. The germination rates of Arabidopsis and lettuce 

induced by red R-CPL were greater than those induced by L-CPL, indicating that the phyB 

molecules responsible for the seed germination are able to sense the chirality of red light. 
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Figure 8. germination under red Left and Right circular polarized light  

under irradiation of red left CPL under irradiation of red right CPL 
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Hypocotyl elongation 

 

 

 

 

 

 

 

  



 

3.1 Introduction 

Light controls diverse processes of plant growth and development has been studied by Mohr and 

Shropshire1. Early physiological and photochemical studies indicated that light responses in 

photomorphogenesis are divided as a low- or high-energy reactions according to their energy 

requirements2. Then, low-energy reactions induced by short pulses of irradiation with relatively 

small doses of light were presented into low-fluence responses (LFRs) and a very-low-fluence 

responses (VLFRs) studied earlier by Blaauw3, 1968. Phytochrome was first discovered as the 

photoreceptor for reversibility by red (R) and far-red (FR) light4, which was only observed in 

LFRs. The phytochrome-deficient mutants demonstrated that phytochromes are photoreceptors 

for VLFR5 and HIR6, although R/FR light reversibility was not observed in either response.  

Dark-grown seedlings exhibit etiolated growth, characterized by long hypocotyls, small and 

closed cotyledons with undifferentiated chloroplasts, and the repression of light-regulated 

genes7 . During photomorphogenesis, light inhibits hypocotyl growth (Fig. 1) and promotes 

cotyledon opening and expansion, chloroplast differentiation and the activation of light-regulated 

genes. Absorption of red light converts this photoreceptor into a Pfr active form that is 

translocated into the nucleus8, Pfr interacts there with members of the bHLH family of 

phytochrome-interacting factors (PIFs), involved in modulation of light-regulated genes with a 

role in photomorphogenesis9. 

 

 

 

 

Figure 1.   Hypocotyl elongation procedure. 

 



 

Several transcription factors, which include both positive and negative regulators, have been 

genetically identified as acting downstream of specific photoreceptors or sets of photoreceptors 

in photomorphogenesis. Although some transcription factors predominantly respond to one type 

of light, others respond to two or more. Genetic and genomic analyses suggest the existence of 

several signalling pathways downstream of PHYA in photomorphogenesis10 (Fig. 2). Far-red 

impaired response 1 (FAR1) and Far-red Hypocotyl elongated 3 (FHY3) are both novel 

transposonderived putative transcription factors, which interact with each other and are specific 

to far-red light11. 

 

 

 

 

Figure 2 | Transcriptional networks for seedling photomorphogenesis. A simplified overview of the 

network involved in this process in shown. Key regulators of this light-regulated transcriptional network 

have been identified in Arabidopsis thaliana, and suggest the existence of separate intermediate networks 

that are dedicated to each photoreceptor group. A group of PIF transcription factors interact directly with 

phytochromes and function mainly as repressors of photomorphogenesis. Key transcription factors, such 

as HY5, serve as signal integration points of major branches downstream of all photoreceptors. The 

COP/DET/FUS class of factors act as light-inactivatible repressors of photomorphogenesis. Bold lines 

indicate the convergence pathway. 

 



 

The positive function of the PIF4 and PIF5 factors in activated expression of cell elongation 

genes. In the light, phyB negatively regulates PIF4 transcriptional activity, by targeting 

degradation of this transcription factor by the 26S proteasome pathway (Fig. 4c). DELLAs 

repress transcriptional activity of the PIF factors by interacting with the bHLH DNA-recognition 

domain and sequestering these factors into an inactive complex, unable to bind DNA12 (Fig. 3). 

 

 

Figure 3: PHYB-mediated degradation of PIF4 

 

 

 

 

 

 

 

 

 

 

 



 

3.2 Experimental section 

3.2.1 materials 

Seeds of Arabidopsis (Arabidopsis thaliana: At) wild type (ecotype Columbia-0) and its phyB 

deficient mutant (phyB) were the kind gifts of Prof. Akira Nagatani at Kyoto University. 

Lettuce seeds (Lactuca sativa L.) were purchased from Sakata Seed Corporation (Yokohama, 

Japan). Surface-sterilized seeds were placed on filter paper soaked with water or Murashige and 

Skoog (MS) medium supplemented with 2% (W/V) sucrose (Germination Inducible Medium: 

GIM) in a Petri dish. The seeds were incubated in the dark at 4ºC for 48 h to synchronize 

germination. The detailed growth conditions are shown in each section. 

3.2.2 General methods, Instrumentation and measurements 

Hypocotyl elongation assay 

Germinated wild type (Ler-0) and phyB mutant Arabidopsis seeds (20 grains) on water-soaked 

filter paper in Petri dishes were irradiated with unpolarized white light (10.87µmol/m2/s) for 8 h 

at 22ºC. The seeds were cultured under continuous red L- or R-CPL (1.02 µmol/m2/s) irradiation 

for 7 or 10 days at 22ºC, and the shoots were harvested. Germinated lettuce seeds (20 grains) 

were cultured and the shoots harvested using the same protocol, except for the omission of white 

light irradiation. Harvested shoots were photographed, and their hypocotyl lengths were 

quantified using ImageJ computer software (https://imagej.nih.gov/ij/download.html) and 

compared by Student's t-tests (Fig. 4). 

Figure 4. Hypocotyl elongation procedure 

https://imagej.nih.gov/ij/download.html


 

3.3 Results and discussion 

Effect of red CPL on hypocotyl elongation of Arabidopsis and lettuce 

Assessment of the effects of red CPL on hypocotyl elongation of Arabidopsis showed that the 

average hypocotyl lengths under L- and R-CPL were 6.4 mm and 5.4 mm, respectively, for 7-

day-old seedlings and 7.2 mm and 6.0 mm, respectively, for 10-day-old seedlings (Figure 5A). 

Similarly, the average hypocotyl lengths of 7-day-old lettuce seedlings under L- and R-CPL were 

27.2 mm and 23.0 mm, respectively (Figure 5B). Calculations showed that the hypocotyls of 7- 

and 10-day-old Arabidopsis seedlings and of 7-day-old lettuce seedlings were 1.18-, 1.20- and 

1.18-fold longer, respectively, under L-CPL than under R-CPL. 

 

Figure 5. Effect of red CPL on hypocotyl elongation of Arabidopsis (A) and Lettuce (B). 

 Germinated seeds were cultured in the growth chamber under continuous red L- or R-CPL (white L or grey R 

column, respectively) for 7 or 10 days (A) and 7 days (B) at 22ºC.  Then, the seedlings were cut and the hypocotyl 

length was measured. *t-test P < 0.05 in each experiment, error bar = S.D., n = 5. 



 

Effect of red CPL on hypocotyl elongation of the phyB-deficient mutant of Arabidopsis 

The involvement of phyB in the red CPL effect on hypocotyl elongation was assessed by 

measuring hypocotyl lengths in a phyB-deficient mutant of Arabidopsis (phyB) grown under L-

CPL and R-CPL. The average hypocotyl lengths of 7-day-old wild-type seedlings under L-CPL 

and R-CPL were 6.7 mm and 5.3 mm, similar to the results in Fig. 6A. In contrast, hypocotyls of 

the phyB mutant were longer than those of wild-type under both L- and R-CPL, being 12.5 mm 

and 12.6 mm, respectively, and were almost equal (Figure 6), suggesting that phyB is involved in 

the red CPL effect on hypocotyl elongation. 

 

Figure 6. Effect of red CPL on the hypocotyl elongation of Arabidopsis wild type (left WT) and phyB 

deficient mutant (right, phyB). 

Germinated seeds were cultured in the growth chamber under continuous red L- or R-CPL (white 

L or grey R column, respectively) for 7 days at 22ºC. Then, the seedlings were cut and the 

hypocotyl length was measured. *t-test P < 0.05 (left and right), error bar = S.D., n = 4. 

 

Hypocotyl elongation of wild-type Arabidopsis was effectively inhibited under R-CPL than L-

CPL (Fig. 7). Because this difference was not observed in phyB, it was likely due to light 

reception by phyB. Hypocotyl elongation in plant seedlings is inhibited by red light perceived by 

phyB (Reed et al. 1993). The shorter hypocotyl length under R-CPL than under L-CPL was 

therefore likely due to the phyB-mediated photoinhibition of elongation. Shoots of lentils and 

peas have been shown to grow faster under L- than under R-CPL13. Moreover, the birefringence 



 

of the outer layer of leaves (epidermis) and stems had a negligible effect on light polarization, 

suggesting that photoreceptors contribute to light perception. Because hypocotyls length was 

measured in 7-day-old seedlings, the faster growth under L-CPL than under R-CPL may be due 

to a greater photoinhibition of hypocotyl elongation by R-CPL perceived by phyB. All these 

results6,13, as well as our findings, suggest that phyB is involved in the differential effects of L- 

and R-CPL on seed germination and hypocotyl elongation. 

 

 

Figure 7. hypocotyl elongation under L-CPL and R-CPL. 

 

  



 

References 

1. Mohr, H.; Schopfer, P. Plant Physiol, 1995, 345-373.  

2. Mohr, H. Annu Rev Plant Physiol, 1962, 13, 462-488.  

3. Blaauw, O. H.; Blaauw-Jansen, G.; Van Leeuwen, W. J. Avena Planta, 1968, 82, 87-104 

4. Butler, V. A. V.; Crathorn, A. R.; Hunter, G. D.  Biochem. J., 1958, 69, 544-553.  

5. Borthwick, H. A.; Hendricks, S. B.; Parker, M. W.; Toole, E. H.;  Toole, V. K. Proc. Natl. 

Acad. Sci. USA, 1952 38, 662-666.  

6. Shinomura, T.; Nagatani, A.; Hanzawa, H.; Kubota, M.; Watanabe, M.; Furuya, M. Proc Natl 

Acad Sci USA, 1996, 93: 8129- 8133. 

7. Chen, M.; Chory, J.; Fankhauser, C. Annu. Rev. Genet. 2004, 38, 87–117. 

8. a) Nagy, F.; Schafer, E. Curr. Opin. Plant Biol. 2000, 3, 450–454.  

    b) Huq, E.; Al-Sady, B.; Quail, P. H. Plant J. 2003, 35, 660–664. 

9. Quail, P. H. Curr. Opin. Cell Biol. 2002, 14, 180–188. 

10. a) Wang, H.  Plant J. 2002, 32, 723–733.  

      b) McCormac, A. C.; Terry, M. J. Plant J. 2002, 32, 549–559. 

11. Yuling, J,; On, S,.L.; Xing, W. D. Nature Reviews Genetics, 2007, 8, 217–230. 

12. Miguel, L.; Jean-Michel, D.; Mariana, R.; Mariela, P.; Juan, M. I.; Séverine, L.; Christian, F.;   

       Miguel, A. B.; Elena, T.; Salomé, P. Nature, 2008, 451, 480–484. 

13. Shibayev, P. C.; Pergolizzi, R. G.  Int J Botany, 2011, 7, 113-117. 

 

 

 

 

 

 

  

 

  

about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
https://www.nature.com/articles/nrg2049#auth-1
https://www.nature.com/articles/nrg2049#auth-2
https://www.nature.com/articles/nrg2049#auth-3
https://www.nature.com/nrg
https://www.nature.com/articles/nature06520#auth-1
https://www.nature.com/articles/nature06520#auth-2
https://www.nature.com/articles/nature06520#auth-3
https://www.nature.com/articles/nature06520#auth-4
https://www.nature.com/articles/nature06520#auth-5
https://www.nature.com/articles/nature06520#auth-6
https://www.nature.com/articles/nature06520#auth-7
https://www.nature.com/articles/nature06520#auth-8
https://www.nature.com/articles/nature06520#auth-9
https://www.nature.com/articles/nature06520#auth-10


 

 

 

 

 

 

 

 

Chapter 4.  

 

Biomass  

 

 

 

 

 

 

 

  



 

4.1 Introduction 

Efficient use of solar energy for photosynthesis is important for plant growth and survival, 

especially in low light environments. Plants use light not only as an energy source for 

photosynthesis but also as an environmental signal and respond to its intensity, wavelength, and 

direction. Light is perceived by plant photoreceptors such as phytochromes, cryptochromes, and 

phototropins, and plants generate a wide range of specific physiological responses through these 

receptors. 

In Arabidopsis thaliana (Fig. 1), at least 10 photoreceptors, including five phytochromes (phyA 

through phyE), three cryptochromes (cry1, cry2, and cry3), and two phototropins (phot1 and 

phot2), have been identified1. Phytochromes that absorb red/far-red light and cryptochromes that 

sense UV-A/blue light coordinately regulate photomorphogenetic processes, including 

deetiolation, vegetative growth, flowering induction, and circadian rhythms2. Phytochrome also 

regulates seed germination and shade avoidance. By contrast, phototropins that absorb UV-

A/blue light have been suggested to play an important role in photo-induced movement 

responses3. 

A phototropin was first cloned as a blue light receptor responsible for phototropic bending, using 

an Arabidopsis mutant impaired in phototropism4. The mutants lacked light-dependent 

phosphorylation of a 120-kD protein that appeared related to phototropism. The action spectrum 

of in vivo phosphorylation of this protein and the fluence dependency of the phosphorylation 

were similar to those of physiological phototropic responses.  

Using an Arabidposis mutant impaired in chloroplast movement, phot2 has been demonstrated to 

be responsible for the strong-light avoidance response5. Moreover, phot2 also is responsible for 

phototropic curvature in response to relatively high intensities of blue light6. Using the 

Arabidopsis phot1 phot2 double mutant, it has been demonstrated that phot1 and phot2 

redundantly mediate stomatal opening; the blue light–dependent H+-pumping activity that drives 

stomatal opening is lost in the guard cells of mutant plants7. More recently, both phot1 and phot2 

have been suggested to mediate leaf expansion8, and phot1 has been implied to be involved in 

the rapid inhibition of hypocotyl growth9. In contrast with this growth inhibition that is 

specifically mediated by phot1, genetic studies have revealed that phot1 and phot2 have partially 

overlapping functions in mediating phototropism, chloroplast movements, stomatal opening, and 



 

leaf expansion3,5,6. phot1 seems to be more sensitive to blue light than phot2 in triggering these 

responses, although sufficient documentation is yet to be provided for leaf expansion.  

Provision of an end-of-day(EOD) FR pulse, that rapidly converts Pfr to Pr, has been 

usedextensively as an experimental tool to reduce the persis-tence of Pfr in darkness10. EOD FR 

treatments initiate the shade avoidance syndrome,which includes responses such as enhanced 

organ elonga-tion, leaf hyponasty, reduced apical dominance and earlyflowering11. While phyB–

phyE operate as R/FRreversible switches, phyA, is functionally distinct, signallingin response to 

very low fluence rate light or continuous FRirradiation at higher fluence rates, to control a range 

ofresponses including germination, seedling de-etiolation andflowering time12. Central to light 

signalling are the phytochrome interactingfactors (PIFs) which constitute a clade of the large 

family ofbasic helix-loop-helix (bHLH) transcription factors. In thenucleus, light-activated 

phytochromes interact with andtrigger the phosphorylation, ubiquitination and protea-some-

mediated degradation of several PIFs13. 

 

Figure 1. Arabidopsis thaliane 

  



 

4.2 Experimental section  

4.2.1 Materials  

Seeds of Arabidopsis (Arabidopsis thaliana: At) wild type (ecotype Columbia-0) and its phyB 

deficient mutant (phyB) were the kind gifts of Prof. Akira Nagatani at Kyoto University. Lettuce 

seeds (Lactuca sativa L.) were purchased from Sakata Seed Corporation (Yokohama, Japan). 

Surface-sterilized seeds were placed on filter paper soaked with water or Murashige and Skoog 

(MS) medium supplemented with 2% (W/V) sucrose (Germination Inducible Medium: GIM) in a 

Petri dish. The seeds were incubated in the dark at 4ºC for 48 h to synchronize germination. The 

detailed growth conditions are shown in each section. 

4.2.2 General methods, Instrumentation and measurements 

Biomass assay 

Approximately 12 Arabidopsis seeds germinated on GIM-soaked filter paper in Petri dishes were 

planted in vermiculite soil in a plastic box (40 mm × 33 mm × 15 mm). The plants were grown 

under unpolarized white light (22 µmol/m2/s) with a 16 h light/8 h dark cycle for 2 weeks in a 

cultivation room set at 22°C and ca. 50% humidity.  

Seedlings with leaves of similar size were selected, transferred to the growth chamber, and 

cultured under white L-CPL or R-CPL (10.8 µmol/m2/s) with a 16 h light/8 h dark cycle for 2 

weeks at 22°C. The effect of light quality was measured by turning on one of the LEDs (red, 

green or blue) in the growth chamber during CPL illumination. Because the fluence rates of the 

red, green, and blue LED illuminators differed, being 29.7 µmol/m2/s, 5.0 µmol/m2/s and 2.3 

µmol/m2/s, respectively, the culture periods were varied, 3 weeks for irradiation with the red 

and blue LEDS, and 4 weeks for irradiation with the green LED.  

The total fluences for the red, green and blue CPL cultures were 35.6, 8.1 and 2.8 mol photons, 

respectively. The shoots were subsequently harvested and weighed. Biomass was quantified as 

the average fresh weight per above-ground part of an adult plant and compared by Student’s t-

tests (Fig. 2). 



 

 

Figure 2. Biomass assay scheme. 

4.3 Results and Discussion 

Effect of CPL on biomass production by Arabidopsis 

Evaluation of the effects of white (red + green + blue) CPL on biomass production by 

Arabidopsis, with biomass is defined as the average fresh weight of an above-ground part of an 

adult plant, found that the average tissue weights L- and R-CPL were 243 mg and 322 mg, 

respectively, indicating that white R-CPL produced a 1.26-fold greater biomass than white L-

CPL (Figure 3A).  

To assess the effects of light, Arabidopsis was cultured under red, green or blue CPL, although 

the total fluence of these CPLs differed.  

The biomasses produced under red (334 mg vs. 285 mg) and blue (74 mg vs.58 mg) R-CPL 

were greater than those produced under L-CPL, ratios of 1.17 and 1.27, respectively. In contrast, 

green CPL had little effect on biomass production, being 198 mg and 199 mg for green L- and 

R-CPL, respectively (Figure 3B). 



 

 

Figure 3. Effect of white CPL (A) and red, green and blue CPL (B) on biomass production by Arabidopsis. 

 

 (A) Seedlings planted in soil were cultured under unpolarized white light for 2 weeks with a 16 h light/8 h dark 

cycle (22 µmol/m2/s) at 22ºC. The seedlings were subsequently cultured under white L- (L) or R- (R) CPL with a 

16h light/8 h dark cycle at 10.8 µmol/m2/s for 3 weeks at 22ºC. Shoots of the adult plants were cut and their fresh 

weights were measured. P < 0.07 by t-test, error bar = S.D., N=3. (B) Arabidopsis plants were grown under 

unpolarized white light for 2 weeks, as described in the legend to (A). The plants were subsequently grown under 

red (29.7 µmol/m2/s for 2 weeks), green (5.0 µmol/m2/s for 3 weeks) and blue (2.3 µmol/m2/s for 3 weeks) L- (L) 

and R- (R) CPLs, at total fluences of 35.6, 8.1 and 2.8 mol photons, respectively. Shoots of the adult plants were cut 

and their fresh weights were measured. P = 0.128, 0.941 and 0.332 for red, green and blue light, respectively, by t-

tests, error bar = S.D., N = 3. 
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Effect of CPL on biomass production 

Understanding the effects of CPL on biomass production may provide useful information to 

increase crop production in plant factories and may help resolve food crises. Biomass differed 

markedly in adult green Arabidopsis plants grown under L- and R-CPL. Many factors control 

fresh weight of shoots. The growth and development of plants are regulated by environmental 

light signals received by photoreceptors. Differences in the effects of L- and R-CPL in blue and 

red light-absorbing regions suggest the involvement of blue light receptors, such as cry or phot, 

in addition to phy. 

Phot is known to increase the biomass of Arabidopsis. The fresh weight of wild type 

Arabidopsis was about three times higher than that of the phot1/phot2 double mutant under red 

and weak blue light. This difference was likely due to the role of phot in controlling the opening 

of the stomata14 and chloroplast accumulation15, which optimize photosynthetic efficiency. Phot 

has two light, oxygen, and voltage-sensing domains (LOV), LOV1 and LOV2, which bind a 

flavin mononucleotide (FMN) non-covalently and show a cyclic photoreaction, including 

transient adduct formation with a nearby cysteine residue16. Of the two LOV domains, LOV2 

play a major role in regulating physiological responses. FMN of LOV2 in the ground state 

showed a negative CD in the blue light-absorbing region17, indicating that the isoalloxazine ring 

of FMN exists in an asymmetric environment in protein, compared with a symmetric 

environment in solution18. Taken together, these findings indicate that phot may contribute partly 

to the larger biomass production under white L-CPL than under white R-CPL. 

Phy has been shown to regulate physiological responses in plants, including de-etiolation, 

shade avoidance and flowering19. Cry shows similar regulatory capacity under blue light 

conditions20. Regulation modes related to biomass production differ depending on the growth 

stage of plant and the light conditions. For example, phyB and cry1 repress hypocotyls 

elongation in young plants20, which may reduce the weight of shoots. However, the perception 

of light by these photoreceptors increased biomass production in adult tissues21. In its ground 

(oxidized) form, flavin adenine dinucleotide (FAD), the chromophore in cry, also showed a 

negative CD in the blue light-absorbing region22, but showed little CD in solution23, similar to 

FMN of phot. These findings suggest that phyB and cry1 may contribute to the larger biomass 

production in adult plant under white L-CPL than under white R-CPL. 



 

In addition to light perception by photoreceptors, photosynthesis itself may be involved. L-CPL 

has shown greater net photosynthesis than R-CPL in a marine alga, Dunaliella24, a finding 

consistent with the present results on biomass production. However, no concrete evidence to date 

has shown that L-CPL induces greater photosynthetic activity than R-CPL in higher plants 

although many studies have used CD25 or circularly polarized luminescence26 Hall et al. 2016), 

the emission analog of CD, to evaluate the molecular structures and functions of isolated or 

reconstituted photosynthetic apparatus, such as light-harvesting complexes and reaction centers. 

These papers reported that the photosynthetic apparatus of these plants was organized chirally, 

suggesting the need for additional studies to clarify the contribution of photosynthesis to biomass 

production. 
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Chapter 5 

 

Circular dichroism 

 

 

 

 

 

 

 

 

 

 

 

  



 

5.1 Introduction 

Circular dichroism (CD) is based on the differential absorption of the two light vectors. An 

advantage of the CD method is its independence of the physical form of the analyte. CD 

measurements can be conducted in solution, gas phase, solid dispersions, films, gels, liquid 

crystals and monocrystals. CD measures the difference in the absorbance of chiral samples for 

left (AL) minus right (AR) circularly polarized light usually in the wavelength range of 180-800 

nm.  

 

Figure 1. Linearly and Circularly Polarized Lights 

ΔA=AL - AR  

This equation, ΔA is the directly measured difference of absorbance of left and right polarized 

light. Assuming the Beer-Lambert’s law applies, CD is also presented in terms of the difference 

in molar absorptivity ε,  

ΔԐ=ԐL - ԐR=ΔA/cl,    

Where ԐL and ԐR are molar absorption coefficients of left and right handed circularly polarized 

light, respectively, c is concentration, and I is pathlength. In cases where concentration is 

unknown, it is common to present CD data in ellipticity θ (in millideg) or molar ellipticity [M]. 



 

θ (in millideg) = 32,982 ΔA                          [M] = 3298 Δε                            

This difference can be detected when a chiral molecule contains one or more light-absorbing 

groups - so-called chiral chromophores. 

When chiral chromophores are present, one state of circularly polarized light will be absorbed to 

a greater or lesser extent than the other. Over corresponding wavelengths, a circular dichroism 

signal can, therefore, be positive or negative, depending on whether L-CPL is absorbed to a 

greater extent than R-CPL (CD signal positive) or to a lesser (Fig. 2) extent (CD signal negative). 

The exciton chirality method has dramatically broadened the range of CD applications because 

its one of the few non-empirical techniques that are capable of determining absolute 

configuration without the need of any external reference and theoretical calculation.  

Recent CD studies have mainly focused on developing chromophores with red shifted and more 

intense absorption1 or fluorescence2, and intramolecular stacking properties such as phorphyrins 

and zinc phorphyrins3. CD methods which had obtained the exciton chirality method have been 

widely used to investigate the configurations and conformations of biomolecules such as nucleic 

acids4 and proteins5, as well as bioactive natural compounds6.  

 

Figure 2. Definition of circular dichroism. 

5.2 Experimental section  

5.2.1 Materials 

Preparation of PCB-bound AtphyB-N651 

The PCB-bound N-terminal (amino acids 1–651) sensory module of Arabidopsis thaliana phyB 

(AtphyB-N651) was prepared using an Escherichia coli (E. coli) expression system, essentially 



 

as described7. Briefly, AtphyB-N651 was overexpressed in E. coli BL21 (DE3) cells as fusion 

proteins with the chitin binding domains (CBD) of the PCB synthesizing enzymes HO1 and 

PCYA from Synechocystis sp. PCC6803. The plasmids for the expression of PCB synthesis 

were the kind gift of Prof. Takayuki Kochi at Kyoto University. The expressed AtphyB-N651 

fused to CBD was purified by chitin affinity chromatography on a prepacked Chitin Beads 

column (3 ml bed vol. New England Biolabs) according to the manufacturer’s instructions, with 

modifications. The bound protein was washed and self-cleaved by incubating with a cleavage 

buffer. The eluted sample was purified by ion column chromatography, desalted on a HiTrap 

Desalting column (GE Healthcare) equilibrated in buffer containing 20 mM Tris-HCl and 0.1 

mM Na2EDTA, pH 7.8, and applied to a Mono Q 5/50 GL column (GE Healthcare) equilibrated 

in the same buffer. AtPhyB-N651 was eluted by stepwise application of 0, 100, 200 and 500 mM 

NaCl in buffer, and by monitoring absorption at 280 nm. Fractions surrounding the elution peak 

were collected and concentrated on a spin column (Amicon Ultra Centrifugal filter, 

Millipore).  

All procedures were performed at 4°C under dim green safe light. Based on a Coomassie Blue 

stained SDS- PAGE gel, the purity of the eluted AtphyB-N651 was estimated to be >95%. 

Binding of PCB was confirmed at almost 100% by measuring A650/A280 on a UV-Vis 

absorption spectrophotometer (Figure 3). 

 

 



 

 

Figure 3. UV-Vis absorption spectra of PCB-bound AtphyB-N651 in Pr (blue line) and a red light-

induced photostationary state (orange line). Spectra of Pr and the red light-induced photostationary 

state were measured after saturating far-red LPL and under saturating red LPL, respectively, at 25ºC 

 

Spectroscopy 

UV-Vis absorption spectra of AtphyB-N651 in a 25 mM Tris-HCl, pH 7.8 buffer containing 0.5 

mM Na2EDTA and 125 mM NaCl were recorded at 25ºC with a spectrophotometer (model U-

3010; Hitachi-Hitec) equipped with a thermostat controller (model 131-0305, Hitachi-Hitec). 

Samples in the cuvette were illuminated from above at 650 nm for red light and 715 nm for far-

red light using an excitation light of a fluorescent spectrophotometer (model RF5300, 

Shimadzu) guided through a quartz light guide ( = 1 cm x 1m) and a slit width of 10 nm 

(Figure 4).  

 



 

 

 

Figure 4. A picture showing the arrangement of the UV-Vis absorption spectrophotometer (a) and the 

fluorescence spectrophotometer (b). Excitation light from the fluorescent spectrophotometer is guided to 

a sample solution in a cuvette set at the cell holder of the spectrophotometer with a quartz light guide (c) 

from above through a polarized light generator (d). 

 

The intensity of illumination was adjusted by varying the distance between the end of the light 

guide and the surface of the sample solution in the cuvette and was measured with a 

photometric sensor (LI-210R, LI-COR). The effects of polarized light on the photoreaction 

between Pr and Pfr and the reverse reaction was monitored by repeat scanning of the absorption 

spectra from 500 to 800 nm at 25ºC. LPL, L-CPL and R-CPL were generated by a combination 

of a polarizer (VIS-NIR high contrast polarizer #47-603, Edmund Optics) and a 1/4 wavelength 

plate (Achromatic waveplate #65-919, Edmund Optics) (Figure 5).  

 



 

 

Figure 5. A picture of the polarized light generator. 

The generator consists of a polarizer (a) and a 1/4 wavelength plate (b) placed between the light guide end (c) and 

the surface of a sample solution in a cuvette (d). 

 

Chiroptical purity and transmittance of the L- or R-CPL were evaluated by a Haze meter 

(NDH2000, Nippon Denshoku Industries Co., LTD., Japan). No difference between L- and R-

CPL was detected (Figure 6). 

CD spectra in the UV-Vis absorption region (250–800 nm) were measured at 25ºC with a 

spectropolarimeter (J820, JASCO) equipped with an electric temperature-control system under 

flowing N2 gas and an optical path of 1 cm. For each measurement, 10 spectra were collected 

and averaged. Sample spectra were obtained by subtracting the spectrum of the sample buffer. 

Before each scan, samples in the cuvette were irradiated with saturating far-red or red light for 3 

min to ensure that AtphyB-n651 was in a Pfr or a Pr-induced photostationary state, respectively, 

because the measuring light of the spectropolarimeter has an actinic effect on the UV-visible 

absorption spectra of the AtphyB-N651 solutions. To determine the amounts of Pr and Pfr 

generated by the measuring light of CD, UV-Vis absorption spectra were obtained immediately 

after the CD measurements. Red and far-red light were supplied from the side of the sample 

cuvette by the LED illuminators ISL- 150X150-H4FRFR (CCS) and ISL-150X150-H4FRFR 

(CCS), respectively. Irradiated samples were placed in the sample holder of the 

spectropolarimeter, and CD scans were started immediately. 



 

 

 

Figure 6. Circular polarization (A) and transmittance (B) of LPL and CPL used for the 

spectrophotometry. -∎-, -⧫- and -x- indicate R-CPL, L-CPL and LPL produced by the polarized light 

generator shown in Supplementary Figure S6. -⋇- shows the light without polarization. 

 

 



 

5.3 Results and Discussion 

UV-Vis absorption spectra of PCB-bound AtphyB-N651 in Pr and Pfr 

To study the involvement of phyB in the observed effects of CPL, UV-visible (UV-Vis) 

absorption spectra of a PCB-bound sensory module of Arabidopsis phyB, AtphyB-N651, were 

measured in Pr and a photostationary state between Pr and Pfr induced by saturating with red 

light illumination (Figure 3). Pfr spectra were constructed by subtracting the Pr spectrum from the 

spectrum of the photostationary state, so that the shoulder on the Pr spectrum disappears (Figure 

8A). The first absorption peaks of Pr and Pfr were at 650 nm and 713 nm, respectively, while 

their second absorption peaks were at 358 and 372 nm, respectively, with the latter having a 

shoulder at around 415 nm. These absorption peaks are characteristic of those of PCB-bound 

cyanobacteria8 phytochrome 1 (Cph1) and were about 15 nm blue shifted from those of PB-

bound Arabidopsis phyB27, with the blue shift due to the lack of a one π-electron conjugating 

system at the edge of the linear tetrapyrrole in PCB (Figure 7).   

 

 

Figure 7. Schematic illustrations for the structure of a native chromophore phytochromobilin (PFB) and 

an analog chromophore, phycocyanobilin (PCB) used in this study in Pr and Pfr. 

The chromophore undergoes a cis-trans and a reverse photoisomerization at carbon 15 in response to red 

and far-red light absorption, respectively. 

 

 



 

CD spectra of PCB-bound AtphyB-N651 in Pr and Pfr 

CD spectra of PCB-bound AtphtB-N651 were also measured in Pr and a photostationary state 

between Pr and Pfr induced by saturating with red light illumination (Figure 9). Because of the 

actinic effect of the strong measuring beam light of CD (see Materials and Methods), the Pr 

spectrum during CD measurement showed formation of Pfr, as well as a decrease in Pr in the 

photostationary state.  

 

Figure 8. UV-Vis absorption (A) and CD (B) spectra of AtphyB-N651 in Pr (blue line) and 100% Pfr 

(orange line). The absorption spectrum of 100% Pfr was calculated from the absorption spectra of Pr 

and the red light-induced photostationary state shown in Figure 3. CD spectra of 100% Pr and 100% 

Pfr was calculated from the CD spectra of Pr and a red light-induced photostationary state measured at 

25ºC (Figure 9) by correcting the actinic effects of the CD measuring light. 

 



 

The UV-Vis absorption spectra measured immediately after CD measurements (Supplementary 

Figure 9A) after illumination with saturating far-red and red light were approximated by 

superimposition of 89% Pr and 11% Pfr spectra and by 44% Pr and 56% Pfr spectra, respectively 

(Figure 8). Based on these fractions, the CD (Figure 8B) spectra of 100% Pr and 100% Pfr were 

constructed from the CD spectra shown in Supplementary Figure 9B.  

 

Figure 9. UV-Vis absorption (A) and CD (B) spectra of PCB-bound AtphyB-N651 measured to calculate 

CD spectra of 100% Pr and Pfr. CD spectra were measured after saturating far-red (blue) and red 

(orange line) light irradiation in the same buffer solution as that in Figure 6 at 25ºC. UV-Vis absorption 

spectra were measured immediately after the measurement of the CD spectra to estimate the actinic 

effect of the CD measuring light. 



 

The CD spectrum of Pr has negative and positive CD Cotton effects in the regions of the first 

and second absorption bands, respectively (blue line in Figure 8B), whereas the Pfr CD 

spectrum of Pfr has a positive Cotton effect in the region of the first absorption band and 

complex signals in the region of the second absorption band (yellow line in Figure 8B). 

Effects of LPL and CPL on the photoreaction of PCB-bound AtphyB-N651 

Evaluation of the effects of LPL and CPL on photoreactions from Pr to Pfr (Figure 8) and from 

Pfr to Pr (Supplementary Figure S3) showed that LPL and both L- and R-CPL induced a 

reversible phototransformation between Pr and Pfr, similar to that of unpolarized light. These 

polarizations did not affect the absorption peaks of Pr and Pfr (compare Figure 3 with Figures 

10A, B and C and Supplementary Figures S3A, B, and C).  

The time courses of the photoreactions from Pr to Pfr (Figures 8D and E) and from Pfr to Pr 

(Figures 11D and E) monitored at peaks for Pr (650 nm) and Pfr (715 nm) fit well with a single 

exponential curve of a first-order reaction, Abs(t) = A exp (-kt) + B where Abs(t), A, k and B 

are absorbance at time t, a constant of proportionality, a rate constant and an offset, 

respectively.  

Rate constants calculated from the fitting curves are summarized in Table 1. The rate constants 

for both photoreactions did not differ significantly for L-CPL and R-CPL. In contrast, the rate 

constants for both photoreactions were slightly higher for LPL than for CPL. 

 

 

 



 

 

Figure 10. UV-Vis absorption spectra changes of PCB-bound AtphyB-N651 during the photoreaction 

from Pr to a red light-induced photostationary state at 25ºC. 

Spectra changes of the Pr (black thick lines) were monitored by repeat scanning of every 1 min (thin 

lines) until 15 min (thick lines) after the onset of red light illumination of LPL (black lines in A), L- CPL 

(blue lines in B) and R-CPL (red lines in C). (D) and (E) show kinetics of the photoreaction monitored at 

a Pr (650 nm) and a Pfr (715 nm) peak, respectively. (●), (▲) and (▼) indicate absorbance changes 

induced by LPL, L-CPL and R-CPL obtained from the spectra changes in (A), (B) and (C), respectively. 

Black, blue and red lines are simulation curves fitted with a single exponential for the first order 

reaction (see the Results). 



 

 

Figure 11. UV-Vis absorption spectra changes of PCB-bound AtphyB-N651 during the photoreaction 

from a red light-induced photostationary state to Pr at 25ºC. 

Spectra changes of the red light-induced photostationary state (black thick lines) were monitored by 

repeat scanning of every 1 min (thin lines) until 15 min (thick lines) after the onset of far-red light 

illumination of LPL (black lines in A), L- CPL (blue lines in B) and R-CPL (red lines in C). (D) and (E) 

show kinetics of the photoreaction monitored at a Pr (650 nm) and a Pfr (715 nm) peak, respectively. (●), 

(▲) and (▼) indicate absorbance changes induced by LPL, L-CPL and R-CPL obtained from the spectra 

changes in (A), (B) and (C), respectively. Black, blue and red lines are simulation curves fitted with a 

single exponential for the first order reaction.  



 

Molecular basis of red CPL perception by phyB 

Phytochromes have been shown to perceive LPL, with red LPL inducing polarotropism in fern 

and moss protonemata9. The transition moments of Pr and Pfr in fern protonemata may be 

aligned in parallel and normally, respectively, to the cell surface at the periphery of the apical 

hemisphere. This may be due to localization of phytochrome molecules on the cell membrane 

surface, with alignment of their molecular axes and directional changes in the moment of 

transition during phototransformation from Pr to Pfr10. The phytochrome involved in this 

polarotropism was found to be neochrome, a kimeric photoreceptor composed of the N-terminal 

sensory module of phytochrome and full length phototropin11. 

A soluble phyB protein, which is present in the cytosol of angiosperms, was shown to be 

imported into the nucleus upon light activation, forming speckles of as-yet undetermined 

biological function12. Although the orientation of Pfr of phyB in the speckles is not known, Pr 

of phyB in the cytosol is not oriented. The different responses to red L-CPL and R-CPL must 

therefore be due to the molecular nature of phyB itself in Pr. The chiroptical spectroscopic 

properties were therefore evaluated using a PCB-bound sensory module of AtphyB, consisting 

of 651 amino acids residues. Crystallographic studies of Pr have revealed a 5Zsyn,10Zsyn,15Zanti 

configuration for the methylene linkers connecting the four pyrrole rings, both for PCB in 

Cph113 and PB in AtphyB-N90-62414 (Figure 8). The differences in the effects of red CPL are 

therefore due to differences in configurations and conformations of the chromophore in Pr of 

phyB, which is reflected in a CD spectrum. The degree of CD, reported as molar ellipticity θ, can 

be written as 3300 (L – R), where L and R are the molar absorption coefficients of L-CPL and 

R-CPL, respectively, and a negative CD signal indicates that R is larger than L. This is 

consistent with findings showing that R-CPL generally has greater effects  than LCPL. The 

negative CD signal in the red light-absorbing region may explain, at least in part, the different 

CPL effects on physiological responses. Upon phototransition from Pr to Pfr, the chromophores 

of phytochromes isomerize from a 15Zanti to a 15Eanti configuration15. These conformational 

changes result in CD spectral changes similar to the CD spectral changes reported with PCB in 

Cph116. 

R-CPL is expected to have a larger effect on , the population of phyB molecules 

photoconverted from Pr to Pfr, than L-CPL. A larger population of Pfr may result in enhanced 



 

physiological responses and may explain the enhanced germination and stronger photoinhibition 

of hypocotyl elongation by R-CPL than by L-CPL. However, the contents of Pfr in the red light-

induced photostationary state were almost the same for L- and R-CPL. Furthermore, differences 

in the reaction rates of phototransformation from Pr to Pfr could not be detected, despite R-CPL 

likely having a greater reaction rate than L-CPL. This may have been due to the limited 

sensitivity of our optical measurement systems, with minimal detectable changes in absorbance 

of 10-3. In contrast, the difference between R and L was of the order 10-6, as the vertical scales 

of θ in the CD spectra are in milli- degrees and θ is 3300 (L – R). Thus, the different 

populations of Pfr in the R-induced photostationary state and differences in the reaction rates of 

L-CPL and R-CPL could not be detected spectrophotometrically. 

Possible amplification of the difference in L- and R-CPL signals 

Despite the very small differences in CD and undetectable absorption spectroscopy, the present 

results indicate that Arabidopsis can distinguish between R-CPL and L-CPL. Plants as well as 

animals have various amplification systems for light signals. For example, rhodopsin is highly 

sensitive and uses well-known biochemical pathways. Carp rhodopsins can induce 

electrophysiological responses, even when fewer than 1 in 105 rhodopsin molecules is 

photoconverted17. Plants also have a very highly sensitive response. VLFR can be induced by 

photoconversion of fewer than 1 in 104 phyA molecules, a photoreaction too small to be 

detected with the spectrophotometer used in the present study. Although the signaling networks 

for VLFR and LFR have been described18, the mechanism by which light signals are amplified 

remains unclear. Known or unknown signal pathways may amplify the small difference in light 

signals detectable by the CD spectra and undetectable by absorption spectra, resulted in the 

observed different physiological responses. 
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Chapter 6 

 

Concluding Remarks 

 

 

 

 

 

 

 

 

 

 



 

In this thesis, author has conducted the effect of circular polarization light on plant growth, 

which are germination, hypocotyl elongation and biomass production. 

In chapter 2 shows L-CPL and R-CPL have different effects on the germination of 

Arabidopsis and lettuce seeds. Depending on red light intensity and duration of  light 

illumination  studies by circular polarized lights for indicating that the germination rates of 

Arabidopsis and lettuce induced by red R-CPL were greater than those induced by L-CPL, 

indicating that the phyB molecules responsible for the seed germination are able to sense the 

chirality of red light. 

In chapter 3 hypocotyl elongation of two different species of photoinhibition by L-CPL 

and R-CPL and their hypocotyl lengths were quantified using ImageJ computer software. 

Photoinhibition of hypocotyl elongation of red light perception compared with wild type of seed 

and mutant type of seeds described. The shorter hypocotyl length under R-CPL than under L-

CPL was therefore likely due to the phyB-mediated photoinhibition of elongation. The 

involvement of phyB in the red CPL effect on hypocotyl elongation was assessed by measuring 

hypocotyl lengths in a phyB-deficient mutant of Arabidopsis (phyB) grown under L-CPL and 

R-CPL. The average hypocotyl lengths of 7-day-old wild-type seedlings under L-CPL and R-

CPL were similar. In contrast, hypocotyls of the phyB mutant were longer than those of wild-type 

under both L- and R-CPL and were almost equal, suggesting that phyB is involved in the red 

CPL effect on hypocotyl elongation. 

In chapter 4, effects of white circular polarized lights on biomass production by 

Arabidopsis, with biomass is defined as the average fresh weight of an above-ground part of an 

adult plant, found that the average tissue weights L- and R-CPL. To assess the effects of light, 

Arabidopsis was cultured under red, green or blue CPL, although the total fluence of these CPLs 

differed.  

The biomasses produced under red and blue R-CPL were greater than those produced under L-

CPL, ratios of 1.17 and 1.27, respectively. In contrast, green CPL had little effect on biomass 

production, for green L- and R-CPL, respectively. 

Chapter 5 shows determination of involvement of phyB in the observed effects of CPL, 

UV-visible (UV-Vis) absorption spectra of a PCB-bound sensory module of Arabidopsis phyB, 

AtphyB-N651, were measured in Pr and a photostationary state between Pr and Pfr induced by 

saturating with red light illumination 



 

CD spectra of PCB-bound AtphtB-N651 were also measured in Pr and a photostationary state 

between Pr and Pfr induced by saturating with red light illumination. Because of the actinic 

effect of the strong measuring beam light of CD, the Pr spectrum during CD measurement 

showed formation of Pfr, as well as a decrease in Pr in the photostationary state. The CD 

spectrum of Pr has negative and positive CD Cotton effects in the regions of the first and second 

absorption bands, respectively, whereas the Pfr CD spectrum of Pfr has a positive Cotton effect 

in the region of the first absorption band and complex signals in the region of the second 

absorption band. 

Evaluation of the effects of LPL and CPL on photoreactions from Pr to Pfr and from Pfr to Pr 

showed that LPL and both L- and R-CPL induced a reversible phototransformation between Pr 

and Pfr, similar to that of unpolarized light. These polarizations did not affect the absorption 

peaks of Pr and Pfr .  
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