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[Abstract] Phototaxis is a behavior in which organisms move toward or away from the light source
(positive or negative phototaxis, respectively). It is crucial for phototrophic microorganisms to inhabit
under proper light conditions for phototaxis. The unicellular green alga Chlamydomonas reinhardtii
rapidly changes its swimming direction upon light illumination, and thus is a nice model organism for
phototaxis research. Here we show two methods to assay Chlamydomonas phototaxis; one is a quick,
easy and qualitative analysis, so-called the dish assay; and the other is a quantitative single-cell
analysis.
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[Background] The unicellular green alga Chlamydomonas reinhardtii is used as a model organism in
various research fields including phototaxis of microorganisms, photosynthesis, and ciliary/flagellar
motility (Hegemann and Berthold, 2009). A Chlamydomonas cell perceives light at its eyespot, the
photoreceptive organelle observed as an orange spot located near the cell equator. The eyespot
contains the photoreceptor proteins channelrhodopsins localized in the cellular membrane and the
carotenoid-rich granule layers right behind the channelrhodopsins which function as a light reflector.
Because of their relative position, the eyespot undergoes highly directional photoreception, and the cell
can accurately detect the direction of light illumination (Foster and Smyth, 1980; Ueki et al., 2016).
Upon photoreception, two flagella change their beating balance, and the cell changes its swimming
direction either toward or away from the light source.

The Chlamydomonas phototactic direction (or ‘sign’) is regulated by cellular reduction-oxidation state,
which is affected by cellular metabolism such as photosynthetic and respiratory activities (Wakabayashi
et al., 2011). The phototactic sign thus indirectly reflects those activities in vivo. For instance, a mutant
showing fast phototactic response has been shown to have high photosynthetic activity (Kim et al.,
2016). In addition, for the regulation of flagellar beating for phototactic turning of the cell, flagellar
dyneins should be strictly regulated (Kamiya and Witman, 1984; Okita et al., 2005; Hegemann and
Berthold, 2009). Therefore, phototaxis assay contributes to a wide variety of biological researches,
such as photoreception, photosynthesis, respiration, and motor proteins.

Various methods have been developed to quantify Chlamydomonas phototaxis. Mergenhagen
developed an automatic assay system for phototaxis (photoaccumulation), which detects the density of
cells in the light path by a photocell (Mergenhagen, 1984). Takahashi et al. developed a

computer-assisted system that automatically detects the direction of cellular movement using an
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infrared-sensitive video camera (Takahashi et al., 1991). Comparing to those sophisticated systems

with hand-made equipment, our protocol is rather simple, and can be carried out with equipment that is

commercially or freely available.

Materials and Reagents

1.

o > 0N

7.
8.
9.

50 ml tube (Thermo Fisher Scientific, Thermo Scientific™, catalog number: 339652)

4 cm Petri dish (AS ONE, catalog humber: 1-8549-01)

Chlamydomonas strain of interest

Tris-acetate-phosphate medium

(Optional) Tertiary-butyl hydroperoxide (t-BOOH: final concentration, 0.2 mM) (WAKO Pure
Chemical Industries, catalog number: 026-13451)

(Optional) N,N’-dimethylthiourea (DMTU: final concentration, 75 mM) (Sigma-Aldrich, catalog
number: D188700)

HEPES (pH 7.4) (NACALAI TESQUE, catalog number: 17514-15)

EGTA (DOJINDO, catalog number: 346-01312)

Potassium chloride (KCI) (NACALAI TESQUE, catalog number: 28514-75)

10. Calcium chloride dihydrate (CaCl22H20) (NACALAI TESQUE, catalog number: 06731-05)
11. Phototaxis assay solution (Okita et al., 2005) (see Recipes)

Equipment

© ©o N o g bk~ w DN

Centrifuge (Hitachi Koki, model: CR20GlIl)

Swing rotor (Hitachi Koki, model: R4SS)

Green light-emitting diode (LED) (A = 525 nm) (OptoSupply, model: OSPG5111A-VW)

Red light (or white light with a red filter [A > 600 nm])

White sheet of paper/plastic

Dark room or dark box

Digital still camera (SONY, model: RX100II)

Imaging table with camera mount (AS ONE, model: NS-CPS360N)

Inverted microscope equipped with video camera (Olympus, model: IX70; Wraymer, model:
1129HMN1/3)

10. Red filter (630 nm long-pass filter) (SCHOTT, model: RG630)
11. (Optional) Photometer (Apogee Instrument, model: MQ-200)
12. (Optional) Neutral density filters (HOYA, models: ND10AH and ND30AH)
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Software

1. Image Hyper (Science Eye, Japan) or any particle-tracking software (e.g., ImageJ with
MTrack2 plugin)

2. Microsoft Excel or any spreadsheet software

Procedure

1. Culture cells in Tris-acetate-phosphate medium (Gorman and Levine, 1965) with aeration at
22 °C under a 12 h/12 h light/dark cycle (light: ~30 pmol photons m? sec white light) to the
mid-log phase (~3 x 108 cells/ml).

Note: Change the medium and the other culture conditions when necessary.

Harvest cells by centrifugation at 600 x g for 5 min at room temperature.

Suspend cells in a phototaxis assay buffer at ~1 x 107 cells/ml (for dish assay) or ~1 x 10°
cells/ml for quantitative assay in a 50 ml tube.

4. Place the cells under red light (~40 umol photons m?sec™?) for 30-60 min.

Note: This step makes cells swim actively (Sineshchekov et al., 2000). In addition, red light (1)
does not stimulate channelrhodopsin 1 (ChR1), the main photoreceptor protein for phototaxis,
and thus makes cells sensitive to following green-light illumination (Berthold et al., 2008).

5. (For dish assay) Put 2 ml cell suspensions in a Petri dish, place it on a white sheet and take a

picture before illumination (Figure 1A).
Note: When control data for positive or negative phototaxis are necessary, add final 0.2 mM
t-BOOH or 75 mM DMTU to the cell suspensions, respectively. These reagents can be added
either to the harvested cell suspensions in a test tube or directly the cell suspensions in a dish.
t-BOOH is a kind of reactive oxygen species (ROS) which has similar effects to H202, and can
be substituted with 25 yM H202. DMTU is an H202 scavenger, and can be substituted with 50
mM 4-hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPOL) (Wakabayashi et al., 2011).
Another option to derive negative phototaxis control is to use the strain CC-124 (aggl). It is
regarded as a ‘wild type’, but its mutation in the aggl locus causes strong negative phototaxis
(Ide et al., 2016).
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Figure 1. Dish phototaxis assay. A. A 4 cm Petri dish is set on a white plastic sheet. A green
LED is set on the side of the dish and fixed. B. During and C. after illumination for 5 min.
Positive phototaxis is observed. D. For dish assay, the Petri dish and the LED is covered with a
box to block the room light. The inside of the box is masked with pieces of black cloth for
antireflection. E. During the dish assay. Before and after 5 min (or longer) illumination, pictures

are taken from the top with a camera.

6. llluminate the dish from one side with green LED and cover the dish and the LED with a box

(Figures 1B, 1D and 1E). Leave them for 5 min (or longer). Check the light intensity by a
photometer. Typically, wild-type cells show positive phototaxis at low intensity (< 1 pmol
photons m? sec™?) and negative phototaxis at a higher intensity (> 5 ymol photons m? sec). To
change the light intensity, either change the distance from the LED to the dish and/or set ND
filters in front of the LED.
Note: The action spectra of phototaxis peak at 495 to 505 nm (blue-green light) (Foster et al.,
1984). We use green light because blue light activates photosynthesis, which changes cellular
redox state as well as the phototactic sign (Takahashi and Watanabe, 1993; Wakabayashi et
al., 2011).

7. Take pictures (Figure 1C).

Note: Please note that this ‘dish assay’ is not an accurate method for phototaxis assay,
because accumulation of cells caused by light illumination (called photo-accumulation) could
also occur by the photoshock response, in that cells either stop or swim backward for a short

period upon sensing the sudden change in the light intensity. The purpose of this method is a
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quick test for phototactic capability. Phototactic movement is defined as the movement along
the light beam, which should be examined by the following single-cell analysis.

8. (For the single-cell analysis) Place a Petri dish on the stage of an inverted microscope and
illuminate it with a green LED from the side (Figure 2). Observe the cells in the area near the
light source (to estimate the light intensity when necessary) with dim red light (A > 600 nm, ~5

pumol photons m sec?) and video-record using a CCD camera.

Figure 2. Setting for cell-level phototaxis analysis. A4 cm Petri dish is set on a stage of the
inverted microscope. Arrow indicates the red filter (630 nm long-pass filter). Arrowhead
indicates the green LED.

Data analysis

1. Track the swimming cells using a particle-tracking software. The Image Hyper software can be
used in a semi-automatic manner. For tracking cells using Image J software, save the video in
the uncompressed Audio Video Interleave (AVI) format. Playback the AVI file using ImageJ.
Binarize the images (cells appear in black and background in white). Run MTrack2 plugin.

2. Export the data of the trajectories (i.e., positions of cells at each frame) as the
Comma-Separated Values (CSV) or any format for spreadsheet softwares.

3. Measure the angle (8) between the light direction and the swimming direction from the
trajectories during 1.5 sec following illumination with a green LED for 15 sec (Figure 3A). The
angle can be calculated by a spreadsheet software. (If Microsoft Excel is used, it can be
calculated as following: ‘= degrees(atan2((xz2 - x1),(y2 - y1)))', where (x1, y1) represents the
columns for the primary position of a cell and (xz, y2) represents those for the position after 1.5
sec.)

Note: For a few seconds after illumination, the photoshock response could occur and the
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phototactic behavior should be recorded after that period

t=16.5sec

Light on
(t=0 sec)

015 080K

Random swimming (no illumination)  Positive phototaxis

Figure 3. Cell-level phototaxis analysis. A. Swimming direction of each cell is measured for
1.5 sec following 15 sec illumination with a green LED to avoid the effects of photoshock
response. B. An example of cell-level analysis (wild-type cells, random swimming).
Well-focused images of swimming cells were auto-tracked using the Image Hyper software.
Circles represent the starting points of cells, and lines indicate their swimming trajectories for
1.5 sec. (see Video 1). C and D. Polar histograms depicting the percentage of cells moving in a
particular direction relative to light illuminated from the right (0°) (12 bins of 30°; n = 50 cells per
condition). C. Representative data for random swimming when not illuminated; D.
Representative data for positive phototaxis. ~80% of cells swim to 0°. Modified from
(Wakabayashi et al., 2011).
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Video 1. Tracking cells using Image Hyper software. Cells showing phototactic swimming
were auto-tracked under a dark-field microscope. Four cells were tracked in this movie, and the
former three cells show positive, and the last cell show negative phototaxis. (This software is a

Japanese product and some letters in the screen are written in Japanese.)
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For drawing polar histograms, typically, set 12 bins of 30° and draw a histogram (Figures 3C and
3D). (If necessary, more bins can be set [such as 24 bins of 15°].) If Microsoft Excel is used,

draw graphs with ‘radar’ (Figure 4).

_ A B [ D E F G H
1 |Categories#1 No. of Cells Categories#2 No. of Cells

2 -165 27 90 2

3 -135 1 75 0

4 -105 0 60 2

5 =75 0 45 0 90

6 -45 1 30 3 10530 75

7 15 2 15 0 120 s &0

8 15 8 0 8 133 2 45

9 45 3 -15 0 150 15 30
10 75 2 -30 2| 165 12 15
11 105 2 -45 0

e et e

12 135 2 -60 1 180 0
13 165 2 -75 0 165 15
14 0 -90 0 150 30
15 -105 0 135 45
16 -120 0 120 60
17 -135 0 -105 -75
18 150 1 =0
19 -165 0
20 180 27
21 165 0
22 150 2
23 135 0
24 120 2
25 105 0

Figure 4. Drawing polar histogram. A screen shot of Microsoft Excel is shown. Calculate the
first histogram (columns A and B) by the swimming angle against the light illumination axis. The
numbers of cells are then pooled to different angular categories (columns C and D) as
followings: D2 = B11, D4 = B10, D6 = B9, D8 = B8, D10 = B7, D12 = B6, D14 = B5, D16 = B4,
D18 = B3, D20 = B2 + B14, D22 = B13, and D24 = B12. Insert an empty bin between every two

categories (e.g., 75 between categories 90 and 60) so that the values are drawn as bars, not as
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the points of a polygon in the radar graph. In this example, most cells show negative phototaxis

(the light is illuminated from 0°).

For estimation of phototactic index, calculate cos6 for each cell. When the sign of phototaxis is
examined, average the value of cosB. When cells are not illuminated and swim in random
directions, the phototactic index should be ~0. When 100% of cells show clear positive or
negative phototaxis, the phototactic index is 1 or -1, respectively. When the phototactic
capability (i.e., swimming parallel to the light beam) is examined and the phototactic sign can
be disregarded, average the value of [cosB|. When 100% of cells swim parallel to the light

beam, this index is 1. When cells swim in random directions, index is ~2/1r (Okita et al., 2005).

Recipes

1.

Phototaxis assay solution (Okita et al., 2005)
5 mM HEPES (pH 7.4)

0.2 mM EGTA
1 mM KCI
0.3 mM CaCl,
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