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Figure 15. Dose response curves for the orange to red portion of the visible
spectrum. Cultures were irradiated with 15 min light pulses of 640nm, 660nm, 680nm,
and 700nm. Phase shifts are expressed with respect to cultures kept in the dark box.
Experiments were performed between two and five times. Bars represent standard

deviations.
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Figure 16 shows that cultures are particularly sensitive to blue light of 440nm,
green light of 540nm, and red light of 640nm to 660nm. It also shows a sensitivity to

light in the near UV range at 400nm.
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Figure 16. Action spectrum for photoentrainment of wild-type C. reinhardtii. The
reciprocal of the light intensity that caused a phase delay of 2 CT units was plotted
against the wavelength. The reciprocal of light intensity was normalized against the
maximal response at 440nm, which was set at 1. Light intensities were calculated from

the dose response curves in figures 12-15.
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CHAPTER IV

Discussion

This study was originally designed to determine whether blue light would be
effective in the entrainment of the circadian clock in a wild-type strain of the model
organism C. reinhardtii. When blue light was found to be effective the study was
expanded to construct a complete action spectrum.

The wild-type strain CC124 was utilized in this study. Previous research
performed by Christa Gaskill demonstrated that CC124 is able to sustain a robust
circadian rhythm in the absence of background light in the phototaxis machine for
several days when entrained by at least four 12-hour light/ 12-hour dark cycles (Gaskill et
al., 2010). The finding was crucial in establishing the foundation of this study.

A previous action spectrum published by Kondo and coworkers (1991) found no
blue light response for circadian clock resetting of the cell-walless strain of C.
reinhardtii, CW15. The finding is quite surprising, since blue light is effective in many
other organisms and since C. reinhardtii has several blue light photoreceptors. However,
there is some unpublished evidence that blue light might entrain the circadian clock of
wild-type strains (Carl Johnson, personal communication). There are two possible
explanations why a difference in response to blue light is possible. The first is the use of a
cell-walless mutant in Kondo’s study. The second is their particular experimental design.
Because their strain did not show a sustained circadian rhythm of phototaxis in the
absence of light, white background illumination was given between test light cycles. In

addition, the test beam used to elicit a phototactic response was from white light (Kondo
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et al., 1991). Depending on the time in the circadian cycle, this set-up resulted in up to
nine-hour phase shifts upon placement of the cultures into the phototaxis machine, even
in the absence of any light pulses (Kondo et al., 1991).

Experiments were performed in this study to test phase and period of cultures of
C. reinhardtii upon placing them into the phototaxis machine (Figure 6). The cultures
were placed into the machine every hour for 12 hours during the dark portion of the 12-
hour light/ 12- hour dark cycle, and therefore ata time when cultures are very sensitive to
entrainment by light, as demonstrated by previous phase response curves (Figure 1)
(Gaskill 2008, Kondo et al., 1991, Johnson et al., 2003). Figure 6 shows that phase and
period of the rhythm showed only slight variability between time points. ANOVA
analysis demonstrates that there are no significant differences of phase or period between
any of the time points throughout the entire 12 hour experiment. From this experiment, it
is logical to conclude that the LED, emitting a narrow and dim light beam during the test
cycle with wavelengths specific for phototaxis (Gaskill et al., 2010), has no entrainment
effect on C. reinhardtii.

Upon confirmation of this improved experimental design, the hypothesis that blue
light is effective in resetting the circadian clock of wild-type C. reinhardtii was tested.
Blue light pulse conditions were first optimized. The previously published finding with
white light (Gaskill et al., 2010) that LD19 is the optimal time in which to deliver a light
pulse was shown to be also true for blue light pulses of 440nm (Figure 8). Further
experiments determined the dose dependent response for phase shifting upon pulses of
blue light. This was accomplished by varying the duration of the light pulse and by

decreasing its fluence rate with neutral density filters. Blue light pulses of 440nm for 15
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minutes with a 2.0 neutral density filter corresponding to between 6.36 X 107! and 3.86
X 10" mol photons m? sec ! fluence rate were determined to give a graded phase shift
response (Figure 9). The parameters were therefore used to test the hypothesis. Cultures
receiving blue light pulses were compared to control cultures that did not receive a light
pulse but that were otherwise subject to the same manipulations (Figure 11). The control
cultures failed to show phase shifts upon this manipulation while the cultures that truly
received the light pulses did. It demonstrates that at least for the wild-type strain CC124
under the conditions used in this study blue light is able to entrain the circadian clock in
C. reinhardtii. Moreover, the phase of wild-type C. reinhardtii cells can be delayed by
up to 3 CT units with a fifteen minute light pulse of as little as 3.86 X10™® mol photons
m? sec 1. ANOVA analysis demonstrated that the phase shifts of cultures pulsed with
blue light are significantly different when compared to their control cultures. It is difficult
to discern whether changes in the experimental conditions or the use of a wild-type strain
are ultimately responsible for the differences between this study and the previous action
spectrum (Kondo et al., 1991).

Since blue light was effective in entraining the circadian clock, this study was
expanded to include the entire visible light spectrum in order to determine whether wild-
type CC124 showed a different response from strain CW15 for other wavelengths as
well. Dose response curves were measured for 400nm-700nm in 20nm increments. They
were used to determine the light intensity that would elicit a phase delay of exactly 2 CT
units. The reciprocal of the intensities were then plotted against wavelengths to obtain
the action spectrum. Major peaks for phase shifting of the circadian clock were found at

440nm, at 540nm, and at 640 to 660nm (Figure 16). Light of 400nm wavelength was also
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effective (Figure 16), indicating that another peak occurs in the UV light range
(<400nm), but its extent is not known. Aside from difference in the blue light response,
this study is quite similar to the findings of Kondo and coworkers (1991). They found
that the circadian clock of CW15 could be reset with light pulses of 660nm and 520nm to
540nm. They also observed a response at 400nm in the near UV range.

By comparing this newly constructed action spectrum to the absorption spectra of
known photoreceptors, it is possible to speculate, which photoreceptors might be
involved in the resetting of the circadian clock of C. reinhardtii. Only a limited number
of photoreceptors have been identified in this organism. Phototropin and cryptochrome
are among two of the three known photoreceptor types found in C. reinhardtii and both
absorb maximally in the blue and UV-A wavelength range. Rhodopsins absorb
maximally in the blue-green to green range.

Peaks at 440 nm and 400nm suggest that cryptochrome may be one of the
photoreceptors responsible for resetting the circadian clock in C. reinhardtii.
Cryptochrome has been found to reset the circadian clock in the fruit fly Drosophila
(Emery et al., 1998, Stanewsky et al., 1998) and in the plant model Arabidopsis (Somers
et al., 1998). The action spectrum for the light-dependent autodegradation of cry2, one
of the two cryptochromes present in Arabidopsis, shows a peak activity of 380 nm in
addition to the blue light response (Huong et al., 2008). Recently, it has been reported
that the green alga Ostreococcus contains a protein that can function as both DNA repair
enzyme photolyase and cryptochrome photoreceptor (Heijde et al., 2010). The protein

shows a peak absorbance at 390nm, 450nm and shoulders at 425nm and 475nm. A
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homolog of the protein is also encoded in the C. reinhardtii genome and it is possible that
it functions as cryptochrome photoreceptor in this organism as well.

Phototropin, a protein reported only in plants and algae, has been found to control
multiple steps of the sexual cycle in C. reinhardtii (Huang and Beck, 2003). Phototropin
Is most notably known to control phototropism in Arabidopsis and other higher plants
(Briggs and Christie, 2002). Although phototropin is most likely not involved in the
input pathway that resets the circadian clock in Arabidopsis, it is subject to circadian
control (Briggs and Christie, 2002). The absorption spectrum of phototropin is well-
characterized and exhibits a major peak at 450 nm, a minor peak at 470nm, and a
shoulder at 425 nm (Briggs and Christie, 2002), which is not identical to, but might
correspond with the peak at 440nm shown in this study. Interestingly, phototropin is
located in the plasma membrane of C. reinhardtii, which could account for a lack of blue
light response in the cell-walless mutant, CW15 (Kondo et al., 1991). It is possible that a
wild-type cell wall is required to properly anchor phototropin in the underlying
membrane. In conclusion, phototropin is another possible photoreceptor to mediate the
entrainment of the circadian clock by blue light in C. reinhardtii.

C. reinhardtii also contains a homolog in its genome for an additional blue-light
photoreceptor recently discovered in diatoms and the green alga Ostreococcus. (Djouani-
Tahri etal., 2011). This protein contains a LOV domain like phototropins but unlike
phototropins, it also has a histidine kinase domain. It represents another candidate
photoreceptor for entrainment of the circadian clock by blue light.

A rhodopsin may be responsible for the response shown at 540nm in the green

light range. There is a family of five known rhodopsin photoreceptors located in the
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eyespot of C. reinhardtii. Three more potential rhodopsins have been identified through
sequence homology searches (Kateriya et al., 2004). CSRA and CSRB are the two
rhodopsins responsible for sensing light for phototactic and photophobic responses .
CSRA absorbs maximally at 510nm, while CSRB absorbs maximally at 470 nm
(Sineshchekov et al., 2002). Chlamyrhodopsin, the most abundant rhodopsin found in the
eyespot of C. reinhardtii, has been found not to be involved in phototactic and
photophobic responses and its function is entirely unknown (Fuhrmann et al., 2001).

Findings from this study implicate a red-light photoreceptor may be involved in
the resetting of the circadian clock in C. reinhardtii. Phytochrome is a well-characterized
red light photoreceptor found in higher plants that has been demonstrated to reset the
circadian clock in Arabidopsis (Devlin and Kay, 2000). Phytochrome resets the circadian
clock at 660nm in Arabidopsis, but the hallmark of phytochrome is that when pulsed with
far-red light of 730nm, this resetting can be reversed. Due to limitations of the light pulse
apparatus, it was not possible to test for phytochrome’s hallmark far-red reversibility for
this study. However, Kondo and colleagues (1991) were unable to demonstrate the far-
red reversibility that is characteristic of phytochrome in their study on the cell wall-
deficient C. reinhardtii. Additionally, sequence homology searches have not revealed a
full-length phytochrome in the C. reinhardtii genome (Mittag et al., 2005). Instead,
based on this study, it may now be possible to identify the red light photoreceptor by
screening mutant strains of C. reinhardtii for defects in resetting the circadian clock upon
red light.

This evaluation of the action spectrum of C. reinhardtii has provided additional

insight into the effective wavelengths and potential photoreceptors capable of resetting
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the circadian clock in wild-type C. reinhardtii. But phase shifts in the red and blue range
could also be due to the absorption by chlorophyll in the photosynthesis pathway. The
action spectrum for photosynthesis shows peaks from 450nm to 480nm in the blue range
and from 650nm to 670nm in the red (Tiaz and Zeiger, 2006). Although phototsynthesis
usually has an effect at greater fluences than were used in this study, experiments
measuring phase shifts in the presence of DCMU, an inhibitor of photosynthetic electron
transport, should be able to determine whether photosynthesis is involved.

Upon establishing the action spectrum investigations into the photoreceptors that
reset the circadian clock in C. reinhardtii can be the next step. Because this study has
demonstrated that blue light is effective, it is now appropriate to investigate
cryptochrome and phototropin as a possible input pathway photoreceptor through existing
RNA interference strains. This will demonstrate if cells with a reduced amount of the
photoreceptor show a reduced ability to reset the circadian clock when pulsed with blue

light.

47



APPENDIX

Table 2. Measured light intensities with wavelength filters in place. Light intensities

were measured in the light pulse apparatus and are expressed in pE m?s .

Wavelength (nm)

400

400

400

420

420

420

440

440

440

460

460

460

480

480

480

500

500

500

520

520

520

540

540

540

560

560

560

580

580

580

600

ndf

O O O O O O OO OO OO OO0 oo o oo oo oo o oo oo o o o

Slot 1 Slot 2 Slot 3 Slot 4| Slot5
0.68 0.26 0.07
0.66 0.26 0.08
0.69 0.27 0.06
3.26 1 0.26 0.07
3.25 1.04 0.27 0.07
3.26 1.02 0.25 0.07
4.26 1.17 0.36 0.11 0.04
4.25 1.23 0.37 0.1 0.03
4.28 1.19 0.35
6.95 1.83 0.5 0.14 0.04
6.96 1.89 0.51 0.13 0.04
6.97 1.86 0.49 0.13 0.04
6.76 1.84 0.53 0.16 0.05
6.76 1.91 0.53 0.15 0.05
6.68 1.84 0.51 0.17 0.05
5.87 1.6 0.51 0.19 0.07
6.02 1.66 0.54 0.14 0.07
5.89 1.63 0.5 0.17 0.07
4 1.09 0.35 0.13 0.05
4.09 1.13 0.34 0.11 0.04
4.03 1.11 0.34 0.11 0.04
571 1.6 0.49 0.16 0.06
5.7 1.65 0.48 0.15 0.05
5.83 1.65 0.48 0.15 0.06
7.41 2.09 0.62 0.2 0.07
7.32 2.15 0.61 0.14 0.06
7.52 2.15 0.62 0.21 0.07
7.11 2.01 0.6 0.19 0.06
6.98 2.07 0.58 0.17 0.05
7.18 2.08 0.59 0.16 0.05
7.9 2.22 0.65 0.21 0.06
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600

600

620

620

620

640

640

640

660

660

660

680

680

680

700

700

700

400

420

440

460

480

500

520

540

560

580

600

620

640

660

680

700

420

440

460

N NN R, 2, 2,2, R, 22,2 O OO O OO OO OO OO0 Oo o o o

7.82
8.02
9.06
8.81
9.15
7.33
7.4
7.38
6.85
6.91
6.88
6.41
6.65
5.7
2.35
2.47
2.36
0.07
0.41

0.53
0.86

0.84
0.74
0.49

0.7
0.92
0.83
0.95
1.05

0.9
0.83

0.8

0.3
0.03
0.04
0.07
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2.28
2.29
2.56
2.62
2.62

2.1
2.17
2.15
1.99

2.06
2.03
1.89
1.95
1.91
0.74
0.78

0.76
0.03
0.12

0.15
0.23

0.23
0.21
0.13

0.2
0.26
0.25
0.28
0.31
0.27
0.25
0.23
0.09

0.63
0.63
0.76
0.72
0.75
0.63
0.59
0.62
0.61

0.6
0.59
0.59
0.58
0.58
0.24
0.24
0.24

0.03

0.04
0.06

0.06
0.06
0.04
0.05
0.07
0.06
0.07
0.07
0.07
0.07
0.07

0.19

0.2
0.25
0.23
0.24
0.22
0.15
0.21

0.2
0.12
0.19
0.21
0.16
0.21
0.08
0.08
0.09

0.06
0.06
0.08
0.07
0.08
0.07
0.06

0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.03
0.03
0.03



480 2 0.06
500 2 0.05
520 2 0.03
540 2 0.05
560 2 0.06
580 2 0.06
600 2 0.06
620 2 0.07
640 2 0.06
660 2 0.06
680 2 0.05

100

Fluence rate [umol photons m2s!]

0.01
1 2 3 4 5 6 7
Slot in light pulse apparatus

Figure 17. Light Intensities measured for white light (400nm-700nm) in the
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light pulse apparatus with respect to slot position. Fluence rate is plotted
logarithmically versus the slot position in the light pulse apparatus. Position 1 is the
position that received light reflected from the first beamsplitter in Figure 2 and position 7
is the last. Blue: without neutral density filter, red: with 1.0 neutral density filter, green:
with 2.0 neutral density filter. Each data point in the graph represents the mean of three

independent measurements.
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Figure 18. Light Intensities measured for white light (400nm-700nm) in the
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light pulse apparatus with respect to neutral density filters. Fluence rate is plotted
logarithmically versus the neutral density filter in the light pulse apparatus. Slot 1 is the
position that received light reflected from the first beamsplitter in Figure 2 and slot 7 is

the last.

Table 3. Measured white light intensities with and without neutral density filters.
All light intensity values are expressed in pmol photons m® sec™’. Each value represents
the average of three independent measurements in the light pulse apparatus. The factor
of reduction between the slots in the light pulse apparatus is also shown. It was calculated
directly from the measured intensities. *The light intensity under these conditions was

below the sensitivity of the light meter.

Slot
1 2 3 4 5 6 7
No ND 305.1 | 87.35 | 25.64 | 878 | 3.22 | 1.25  0.50
filter
Factor of 349 | 341 | 292 | 2.72 | 2.57 | 2.49
reduction
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Table 5: Modeled light intensity values used for light pulse experiment. A 1.0 neutral
density filter was used for 400nm to bring it into range with intensities transmitted by all
other wavelengths with a 2.0 neutral density filter. All measurements were corrected in

relation to the specifications of the Li-Cor light meter.

56



REFERENCES

Blau J, Blanchard F, Collins B, Dahdal D, Knowles A, Mizrak D, Ruben M
(2007) What is there left to learn about the Drosophila Clock? Cold Spring
Harb Symp Quant Biol. 72: 243-250.

Briggs WR, Christie JM (2002) Phototropins 1 and 2: versatile plant blue-light receptors.
TRENDS in Plant Science 7: 1360-1385.

Bruce V (1960) Environmental Entrainment of Circadian Rhythms. J. Protozool.
17: 328-334.

Bruce V (1970) The Biological clock in Chlamydomonas reinhardtii. Journal of
Protozool. 17: 328-334.

Deviin PF, Kay SA (2000) Cryptochromes are required for Phytochrome
Signaling to the Circadian Clock but Not for Rhythmicity The Plant Cell 12:
2499- 2509

Devilin PF (2002) Signs of the time: environmental input to the circadian clock.
J. Exp.Bot. 53: 1535-1550.

Djouani-Tahri E-B, Christie ], Sanchez-Ferandin S, Sanchez F, Bouget F-Y, Corellou F
(2011) The Plant Journal 65: 578-588.

Dunlap JC, Loros JJ, DeCoursey PJ, Chronobiology: Biological Timekeeping.
Sunderland, MA: Sinauer Assoc. 2004.

Emery P, Venus SW, Kaneko M, Hall JC, Rosbash M (1998) CRY, A
Drosophila Clock and Light-Regulated Cryptochrome, Is a Major Contributor to
Circadian Rhythm Resetting and Photosensitivity. Cell 95:669-679.

Fankhauser C, Staiger D (2002) Photoreceptors in Arabidopsis thaliana: light

57



perception, signal transduction, and entrainment of the endogenous clock. Planta
216 (1): 1-16.

Fuhrmann M, Stahlberg A, Govorunova E, Rank S, Hegemann P (2001)

The abundant retinal protein of the Chlamydomonas eye is not the
photoreceptor for phototaxis and photophobic responses. Journal
Journal of Experimental Botany 53: 1535-1550.

Gaskill C (2008) Towards an action spectrum for photoentrainment of the
Chlamydomonas reinhardtii circadian clock. M.S. Thesis. Western Kentucky
University, USA.

Gaskill C, Forbes- Stovall J, Kessler B, Young M, Rinehart CA, Jacobshagen S. (2010)
New analysis algorithm and improved automated monitoring of circadian rhythms
in phototaxis. Plant Physiology and Biochemistry of Cell Science 114: 3857-
3863.

Harris E, (1989) The Chlamydomonas Sourcebook: a comprehensive guide to biology
and laboratory use. Academic Press, San Diego.

Harris E, (2001) Chlamydomonas as a model organism. Annu. Rev. Plant Physiol.

Plant Mol. Biol. 52: 363-406.

Heijde M, Zabulon G, Corellou F, Ishikawa T, Brazard J, Usman A,

Sanchez F, Plaza P, Martin M, Falciatore A, Todo T, Bouget F-Y, Bowler C.
(2010) Characterization of two members of the cryptochrome/ photolyase family
from Ostreococcus tauri provides insights into the origin and evolution of

cryptochome. Plant, Cell and Environment 33: 1614-1626.

58



Horspool WM, Lenci F (Ed.) (2004) CRC Handbook of Organic Photochemistry and
Photobiology. (2" Ed.) Washington DC: CRC Press.

Huang K, Kunkel T, Beck CF, (2004) Localization of the Blue-Light Receptor
Phototropin to the Flagella of the Green Alga Chlamydomonas reinhardtii.
Molecular Biology of the Cell 15: 3605-3614.

Huang K, Beck C (2003) Phototropin is the blue-light receptor that controls
multiple steps in the sexual life cycle of the green alga Chlamydomonas
reinhardtii. Proceeding of National Academy of Sciences USA 100: 6269- 6274.

Huong N, Bouly J-P, Ahmed M (2008) Evidence for a light-sensing role for
folate in Arabidopsis Cryptochrome blue-light receptors. Mol. Plant 1(1): 68-74.

Jacobshagen S, Whetstine J, Boling, JM (2001) Many but not all Genes in
Chlamydomonas are regulated by the circadian clock. Plant Biology 3: 592-597

Johnson C, Elliot J, Foster R, (2003) Entrainment of Circadian Programs.

Chronobiology International 20(5): 741-744.

Kateriya S, Nagel G, Bamberg E, Hagemann P (2004) “Vision” in single- celled
algae. Physiology 19: 133-137.

Klemm E, Nineman H (1976) Detailed action spectrum for delay shift in the
pupae emergence of Drosophila pseudoobscura. Photochem Photobiol 24: 369-
371.

Kondo T, Johnson CH, Hastings JW (1991) Action spectrum for Resetting
the Circadian Phototaxis Rhythm in the CW15 strain of Chlamydomonas. I. Cells

in Darkness. Plant Physiology 95: 197-205.

59



Merchant SS and 115 authors (2007) The Chlamydomonas genome reveals the evolution
of key animal and plant functions. Science 318: 245-251.

Mittag M, Kiaulehn S, Johnson CJ (2005) The Circadian Clock in
Chlamydomonas reinhardtii. What is it for? What is it similar to? Plant
Physiology 137: 399-409.

Mittag M, Wagner V (2003) The Circadian Clock of the Unicellular Eukaryotic
Model Organism Chlamydomonas reinhardtii. Biol. Chem. 384: 689- 695.

Nakagawa H, Okumura N (2010) Coordinated regulation of circadian rhythms and
homeostasis by the suprachiasmatic nuclei. Proc. Journ. Acad., Ser B. 86: 391-
409.

Nakajima M, Imai K, Ito H, Murayama Y, lwasaki H, Oyama T, Kondo T (2005)
Reconstitution of Circadian Oscillation of Cyanobacterial KaiC
Phosphorylation in Vitro . Science 308: 414.

Nidaido S, Johnson C (2000) Daily and Circadian Variation in Survival From
Ultraviolet Radiation in Chlamydomonas reinhardtii. Photochemistry and
Photobiology 71 (6): 758-765.

Pittendrigh C S (1954) On Temperature Independence in the Clock System
Controlling Emergence time in Drosophila. PNAS 40: 1018-1029.

Sargent M, Briggs W (1967) The effect of light on a circadian rhythms of
conidiation in Neurospora. Plant Physiol. 42: 1504-1510.

Schmidt M, GeBner G, Luff M, Heiland I, Wagner V, Kaminski M,

Gerimer S, Eitzinger N, Reifenweber T, Voytsekh O, Feidler M, Mittag M,

Kreimer G, (2006) Proteomic Analysis of the Eyespot of Chlamydomonas

60



Reinhardtii Provides Novel Insights into Its Components and Tactic Movements.
The Plant Cell 18: 1908-1930.

Sineshchekov OA, Jung K H, Spudich JL (2002) Two rhodopsins mediate
phototaxis to low- and high-intensity light in Chlamydomonas reinhardtii.
PNAS USA 99: 8689-8694.

Smith H (1982) Light quality, photoperception, and plant strategy. Annual
Review of Plant Physiology 33: 481-518.

Somers DE, Devlin PF, Kay SA (1998) Phytochromes and Cryptochromes in the
Entrainment of the Arabidopsis Circadian Clock. Science 282: 1488-1490.

Stanewsky R, Kaneko M, Emery P, Beretta B, Wagner-Smith K, Kay SA,
Roshbash M, Hall JC (1998) The cry® Mutation Identifies Cryptochrome as a
Circadian Photoreceptor in Drosophila. Cell 95: 681-692.

Steinitz B, Ren Z, Poff K, (1984) Blue and Green Light-Induced Phototropism
Arabidopsis thaliana and Lactuca sativa L. Seedlings 77: 248-251.

Tiaz L, Zeiger E Plant Physiology (4™ ed.) Sunderland, MA: Sinauer Assoc.
2006.

Vanvinkle-Chavez SJ, Van Gelder RN (2007) Action Spectrum of Drosophila

Cryptochrome. Journal of Biological Chemistry 282 (14) : 10561- 10566.

61






